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INTRODUCTION

Frederick A. Koomanoff, Director
Carbon Dioxide Research Division
Office of Basic Energy Sciences

U.S. Department of Energy

The Executive Branch and the Congress—and, in particular, the Department

of Energy, acting as the lead federal agency for the national carbon dioxide

(CO2) research effort—clearly regard the CO_ issue as one deserving serious,

sustained and systematic investigation. The credit for this lies in the good

science and solid research that has and is being performed.

The key problem for national and international policy making as to the

C0« question is uncertainty itself; uncertainty that must be reduced through

research.

Progress has been achieved as will be elucidated at this meeting - basic

concepts have become less murky, some underlying doubts have been resolved and

ranges of disagreement have narrowed. But the high degree of uncertainties in

climate modeling, carbon cycle and other CO- related areas must be reduced.As

with othir scientific investigations, the uncertainty can never be reduced to

zero.

Many of the unknowns that characterize the behavior of the atmosphere and

climate we are investigating may, in the end, turn out to be unknowable—or at

least unknowable to our generation of researchers. Even many of the factors

that fall into the category of "knowns," may be extremely difficult to pin

down with great precision. And so we will probably have to settle for deeper

insights and fuller understanding rather than confident answers. This is

common to many fields of science and is a respectable goal.

In order to obtain the scientific information to reduce uncertainty and

thereby develop the knowledge base for decision making, the DOE has
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implemented a research strategy as .epicted on Figure 1. Major research

efforts at present are focused within the shaded circular area shown on the

figure.

The DOE program focuses on three areas each of which requires more

research before the many CO^-related questions can be answered. These areas

include the global carbon cycle, climate effects, and vegetation effects.

(1) Additional information is needed to understand the sources and sinks

of COj. Simply put, where does CO™ come from and what components of the

biogeochemical system absorb it? The sources of C0_, from global fossil fuel

usage, can be estimated with considerable accuracy. However, our scientific

understanding of sinks, such as the uptake of C0_ by the ocean, transfer to

the deep oceans and the fundamental actions of the biosphere, requires

significant improvement. Accordingly, much of our research currently is

focused on defining and measuring fluxes of carbon among major sources and

sinks.

(2) Research efforts include an attempt to estimate regional and global

changes in temperature and precipitation. These efforts are also aimed at

identifying which climate changes result directly from the effects of CO« (as

differentiated from the many other factors that could have been involved).

Modeling, using general circulation models, is aimed at understanding how

atmospheric CO -induced climate change may relate to the nonatmospheric

components of the climate system such as oceans, land and the cryosphere.

These relationships are not yet well understood or modeled. Studies are

underway with coupled atmospheric-ocean models where preliminary results

suggest that a delay of a decade or more is introduced by the thermal inertia

of the oceans.

Although it is recognized that it may be very difficult to attribute a
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climate change directly to atmospheric CO2 in the near future, it is important

to explore methods for detecting, for the first time, the small changes amidst

the many factors which affect the climate. Currently, temperature changes

predicted by general circultion models cannot be identified because the

natural year-to-year variability (over the entire 100 year record) of the

global average temperature (+0.4 degrees C) is greater than the temperature

change expected from the approximately 15% increase in CO2 since the turn of

the century. Research aimed at detecting a change in climate is designed to

verify the atmospheric models by observing the effects they predict.

(3) Increased atmospheric CO may be a potential benefit to vegetation

and crops because it is an essential ingredient for plant growth. More COo

may create a "fertilizer effect" which would increase crop yield. This same

effect may also result in greater storage of fossil fuel C02 by forests, for

example. Research is being done on photosynthesis, physiology and water use

of plants to provide a basis for predicting vegetation response to rising

atmospheric CO.. Such a beneficial effect of CO would occur independent of

postulated CO2-induced climate change.

In addition to research in these three areas we are identifying and

defining possible indirect CO2-climate induced effects such as potential

deterioration of the West Antarctic ice sheet and changes in fisheries.

The overall research focus is being sharpened, communication among

investigators is increasing, findings are being shared, collaborative

investigations occur, interdisciplinary symposia—such as this one—are taking

place.
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"In philosophy, science and methodology — and even more perhaps in art
— a problem begins to be solved the moment it can be defined, the moment
the right questions are being asked, the moment the specifications are
known which the answers must satisfy. For then we know what we are
looking for, what fits, and what is relevant."

This quote from Peter Drucker's "Landmarks of Tomorrow" crystallizes what

we ,are attempting in the development and implementation of our plans: we are

trying to define the problem, ask the right questions and through research to

develop that knowledge base required for learning, understanding and decision

making.

At the end of FY 1982 the United States research efforts in carbon

dioxide had exceeded $60 million. Considering estimated research funding

through FY 1984 the DOE and other federal agencies - NSF, NOAA, USDA etc.,

will have expended in total more than $100 million. We feel that at this

point it will be important to "take an accounting", to see what we know, what

we don't know, and what is uncertain, to review where we have been, and where

we are going, to redefine and reask the questions that have been guiding us.

Accordingly, by the end of FY 1984, we expect to produce in each of the

research areas - carbon cycle, climate modeling, first detection, vegetation

effects - definitive scientific statements which we will call State-of-th^.-Art

Reports. In addition, in FY 1985 we will produce a synthesis of all of this

research in a Statement of Findings report. It will be written for the

intelligent layman stating what we know, don't know, the uncertainties and

indicating future directions.

This conference has two purposes:

1. The papers presented at this conference were designed to let us

collectively review where we now stand in our endeavors to reduce

uncertainty: as to future atmospheric C0 2 levels; global and regional

climate changes (as measured by temperature, precipitation, cloudiness,
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etc.); effects of elevated C0 ? levels on crops and ecosystems and the

potential impact on the West Antarctic.

(2) The organization of this conference was designed to give ample time for

discussion to help us to gain a clearer picture of the uncertainties, so

that we will be able to direct our intellect and creativity toward

reducing these uncertainties - these barriers to knowledge and decision

making.
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Figure 1. The C0 2 program



1.9

Carbon Dioxide, Science and Consensus: A Congressional Staff Point of View

by

James C. Greene

Science Consultant

Committee on Science and Technology, Washington, D.C. 20515

prepared for the

CO- Research Conference: Carbon Dioxide, Science, and Consensus

September 20, 1982

Coolfont Conference Center

Berkeley Springs, West Virginia



1.10

A veil hangs ominously over the earth, from pole to pole, over all the

continents, and over the oceans. To a significant degree, man has put it

there. It is called simply enough, carbon dioxide pollution. If today's

worst case scenario becomes tomorrow's reality, it will be too late to reverse

the atmospheric buildup or to ameliorate the severe adverse human and

environmental impacts of this pollutant. However, if we quickly develop a

sufficient research program to provide the necessary answers, there say still

be time to rend the veil or at least keep it from reaching the dimensions of

disaster. This is a major goal of the Federal carbon dioxide research program

and it requires the cooperation of scientists, governmental officials, and the

citizens.

This is an example of an opening statement that a Congressman might use to

introduce a hearing on CO- research. Often this type of popularization of a

scientific issue is beneficial in securing the support of Congressional

colleagues and ultimately the American peaple.

Today, I will explain the policy making process in Congress and the role you

as scientists can play in the process.

INFORMATIONAL NEEDS OF CONGRESS

First and foremost, the Members of Congress need scientific information on

which to base decisions relating to legislation, funding, and research

priorities. However, few members possess the scientific background necessary

to understand all aspects of the carbon dioxide buildup and the resulting

greenhouse effect. On the other hand, many Congressmen who are responsible

for determining carbon dioxide research policy have a broad base of knowledge
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in the pertinent issues. One such Representative is James H. Scheuer (B-N.Y.)

who is Chairman of the Subcommittee on Natural Resources, Agriculture Research

and Environment.

Secondly, Members do not have adequate time to master the details in this

complex issue. For example, the federal budget is over 700 billion dollars

snd the current C02 program is $12 million or 0.0017 percent of the total

budget. There is not enough time to study every $12 million program in depth,

so much of the analysis is done by the few members with expertise in the

specific programs and by technical staff.

While there is a need for the information provided by scientists, it is often

too detailed and too technical for the Congressman to digest in a short

time. One of the job descriptions of the technical staff, or science

consultant, such as myself, is to "translate" the technical information into

more familiar terms. This process often raises objections from scientists who

believe this borders on "popularization" of the issues, which I illustrated at

the beginning of the talk. However, after having taught chemistry to non-

scientists on the college level for almost 20 years, I found that it is far

better that the overall concept be understood and remembered, rather than

concentrate on a few correct details which are soon forgotten. This is also

true of Congressmen from the congressional staff point of view; the best way

to insure that Congress receives the correct information is for you the

scientist to deliver it personally.

Each one of you should contact your Congressman and educate him/her on the

issues. Involvement of scientists at all levels of public policy development
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is absolutely necessary if correct decisions are to be made — C.P. Snow

expressed it best in his book Science and Government, when he wrote, "I

believe scientists have something to give which our kind of society is

desperately short of ... that is foresight. That is why I want scientists

active in all the levels of government." You must provide the information and

the foresight—no one else can. The carbon dioxide issue is a case in

point. The impact of atmospheric buildup may not be felt cm a majot scale £or

decades to come, yet decisions on how to reverse the buildup or to ameliorate

the adverse human and environmental impact must be made soon. One avenue of

involvement occurs in the budget and hearing processes.

CONGRESSIONAL BUDGET PROCESS

The process begins in January when the President proposes a federal budget to

Congress. The members, with staff assistance conduct a detailed analysis. In

the carbon dioxide program, Mr. Reagan recommended $8 million for fiscal year

1983, a decrease of $4 million below the 1982 level. To achieve this

reduction, several research projects were eliminated. Several questions arose

as a result of this action, such as, how will this impact on the scope and

direction of the federal research program? Will it delay many decisions? Is

this action too severe? Or, could the program be cut further without causing

harm?

In order to answer these questions and others a congressional hearing was held

to examine the budget proposal and the overall program progress. Those who

testified at the March 25, 1982 hearing on carbon dioxide research included

research scientists, administrators from the Department of Energy, and experts

in the field. Based on the testimony received, a recommendation was made by
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the Congressmen to raise the FY 83 budget to the 1982 level of $12 million.

To this date, a final decision has not been made by Congress.

In the usual budgetary process a staff person, in this case myself, recommends

the specific changes in the President's budget to the Members of the

Subcommittee. Another hearing is held in which the staff person is the only

witness and defends the recommendations before the Subcommittee. The Members

weigh the evidence presented at the hearings and then determine the final

budget as well as give specific directions to the Administration in the

various programs. The legislation then must pass the Science and Technology

Committee, the House, and the Senate before the President has the opportunity

to sign it into law or veto it. Last year the authorized budget was signed

into law.

CONSENSUS AMONG SCIENTISTS

In the budget process, just outlined, various scientists are called on to give

testimony to Congress. One of the questions that arises when two or more

scientists are involved is, what impact will it have on the information

presented if the scientists all agree on the issues or, more commonly, will

the lack of a consensus decrease the effectiveness of the testimony? Needless

to say, if all scientists arrive at the same conclusion, it may provide a more

forceful presentation. However, this rarely happens and certainly not in the

area of carbon dioxide research. For example, up until recent years,

scientists were not even certain if the carbon dioxide buildup would increase

or decrease the Earth's temperature. Now, the controversy is, what is the

level of impact and how long before it will be felt worldwide? For these

questions there is no consensus among scientists.
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Nevertheless, Congress must and will make decisions on the scope and direction

of the Federal carbon dioxide research program with or without a consensus.

Therefore, scientists with the information should inform Members of

Congress. It is far better to make decisions based on scientific data that is

as accurate as possible, even though it may not be complete, rather than make

decisions based on no scientific data.

DEGREE OF UNCERTAINTY IN SCIENTIFIC INFORMATION

Most researchers strive for accuracy in the information presented and as a

result have great difficulty in predicting future events because of the fear

of being wrong. Yet, no one is better qualified to make future projections

based on the current data. Such information may provide the best available

guidance in making long-range research plans and goals. On the other hand,

few groups who testify before Congress are so reticent to make projections.

For example, defense analysts would have us speaking Russian because we are so

weak that Russia will conquer and occupy the USA, or other analysts would

claim that we are so strong that we will conquer them and need to speak

Russian in order to give orders; both positions based on the same data which

is not available for peer review.

The point is, of course, the tendency to make predictions at Congressional

hearings is not without precedent and in that light, scientists could make a

positive contribution if they would engage in more predictions to Congress

even though a consensus is not available.
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RELATIONSHIP BETWEEN SCIENCE AND CONGRESS

In issues such as carbon dioxide research, Congress depends on scientists to

supply essential information used in decision-making. Scientists, often ask

the question, why doesn1t Congress accept these scientific conclusions and act

accordingly?

There are numerous reasons. One of the major reasons is that the decisions to

be made must take into consideration factors other than those scientific.

Some of these are inflation, a balanced budget, budget cuts in other research

areas, and research priorities.

In summary, the burden is on you to seek cut the appropriate officials and

keep them informed to insure that the carbon dioxide research program

addresses the correct issues. The bottom line is, Congress will make

decisions regarding the CO. research program. The only question is, will you

be a part of the decision making process?
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INTRODUCTION

This paper discusses the global carbon cycle in terms of quantita-

tive relationships between empirical observations of the atmosphere,

oceans and biosphere. Since my own studies have focused on the atmo-

sphere and near surface ocean waters, I will develop the topic with

emphasis on the atmospheric carbon cycle and air-sea interactions.

Respondents are invited to fili in gaps in the presentation, especially

with regard to the land biosphere. The marine biosphere will be

regarded as part of the oceans, discussed only indirectly.

As it turns out, many aspects of the oceanic and biospheric carbon

cycles can be discerned in atmospheric phenomena, especially in regard

to transient effects caused by man's activities. Thus, a close examina-

tion of atmospheric C0_ variations, and of the transport phenomena

revealed by this examination, serves as a useful vantage point for a

discussion of the global carbon cycle.

POOLS ANT) FLUXES

The carbon cycle, although, highly complex, can be summarized in

terms of a few reservoirs or "pools" of carbon together with the carbon

fluxes, or transports between them.

Figure 1 shows that most of the carbon near the. earth's surface is

incorporated in sediments. On geologic time scales changes in sedimen-

tary carbon storage dominate the carbon cycle, but over the century or

so that we are concerned with here, these reservoirs are of secondary

interest.
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ATMOSPHERE: 700

FOSSIL FUEL.5000

BiOSPHERE:

living planis: 800
young soils: 1500

old soils: 1500

OCEAN: 39,000

^SEDIMENTS:
organic C: 12,000,000

limestone: 50,000,000

Figure 1. Major reservoirs of the global carbon cycle. The amounts of

carbon are given in GtC. Adopted frora ^roecker et al. [1979).

5.3 f

100

Figure 2. Fluxes of carbon in OtC y~ between the reservoirs of the
carbon cycle shown in Figure 1.
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The atmosphere contains about 7 x 10 g of carbon as CO . This is

expressed in Figure 1 as gigatons of carbon (GtC) where 1 GtC • 10 g

of carbon. The oceans contain about sixty times more carbon, mostly in

the form of bicarbonate and carbonate salts, but about 1% is present as

dissolved CO gas. One might thus infer that it is in the oceanic

reservoir where major adjustments are likely to occur if the amount of

atmospheric C0o increases. This inference is correct: detailed studies

indicate that most of the CO added to the air by man's activities will,

in the course of centuries, be transferred to the oceans on its way to

eventual incorporation in sediments.

The biosphere on land contains about five times as much carbon as

the atmosphere, btit only the living plant carbon and younger soils, some

2000 GtC, are likely to be important in adjustments to the carbon cycle

over periods of a century or less.

The fossil fuel reservoir, here shown containing 5000 GtC, is,

strictly sneaking, part of the sedimentary organic carbon. Such a small

fraction of sedimentary carbon is judged to be potential fossil fuel

(about .04%) that one readily understands the difficulty in deciding

precisely how large a pool of carbon fossil fuel really is. The esti-

mate here assumes that about 50% of the physically minable coal in iden-

tified coal fields will become industrial fuel.

If all of this fuel were combusted, and the CO so produced were to

accumulate in the air, the concentration of atmospheric CO would

increase 8 fold. Such a large increase would be likely to cause criti-

cal environmental changes, some of them adverse to man's well being.

Thus, we perceive the importance in obtaining a reliable prediction of
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how mMch of the CO produced by fossil fuels will be transferred to the

oceans over the next several centuries, and whether the land biosphere

will take up additional amounts of this CO or instead will aggravate

the problem by itself releasing CO to the air.

Simply knowing the sizes of the carbon reservoirs will not tell us

how they respond to injections of CO into the atmosphere. We muse

understand hew they react dynamically to perturbations in atmospheric

CO- concentration. As a first step we need to know the fluxes between

the major carbon reservoirs.

Figure 2 summarizes th« most important carbon exchanges. We see

that exchange with sediments (including a loop via rivers and the oce-

ans) is not of major interest in establishing where fossil fuel CO is

going unless the rate were drastically to increase. This is an unlikely

prospect because the rate is largely controlled by geological processes

such as rock weathering. Although these processes may be increasing as

a result of human activity, they could hardly increase enough to be com-

parable in magnitude to the other fluxes shown. The large exchange of

CO. between the air and the sea, equal to about one seventh of the

atmospheric CO content per year, is also of minor importance with

respect to fossil fuel C0n transport because it affects only a thin

layer of surface ocean water where CO molecules are traded with the air

above. The rate of air-sea exchange is rapid enough under average con-

ditions of turb-'lent exchange to keep dissolved CO in the surface layer

close to equilibrium with atmospheric CO . Of major importance in

governing fossil fuel CO transport, however, is the flux from surface

to subsurface water which depends on how ocean waters circulate.
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To show, as in Figure 2, a single exchange of 30 GtC y~ Is a gross

simplification of the complex behavior of the oceans. The deeper o^e

looks into the oceans the less exchange with th*» surface is found, on

average. Existing models of oceanic transport of CO have elaborated on

the concept of a single exchange rate as shown here, but they all are

based on drastically simplified mechanisms of the oceanic turnover of

trace substances. Any of them could under- or overestimate the tran-

sient penetration of CO from fossil fuel into the subsurface oceans by

as much as a factor of two. Only the equivalent of a well verified com-

plicated mathematical distribution function or a large array of tran-

sport data could adequately describe the transient penetration of fossil

fuel CO Since neither is available today, th> capacity for the oceans

to absorb CO from fossil fuel is not well known in detail, and cannot

be very much better known without extensive additional observations and

oceanic modeling designed specifically to probe and describe transient

oceanic behavior.

The annual land biosphere exchange of CO. is equal to about 10^ of

the atmospheric CO abundance. As in the case of the air-sea C0_

exchange, one should be cautious about ranging its importance just from

its magnitude. About half of the exchange is with short lived leaves

and roots which soon oxidize to C0n again. Perturbations in the rate of

atmospheric CO exchange involving this relatively small pool of organic

carbon cannot greatly alter the overall balance of the carbon cycle, and

thus are less significant globally than the exchange with woody materi-

als and organic decay products in the soil which stay iv an organic

phase for decades or longer. Were this latter exchange to be perturbed,

it would strongly affect the overall carbon cycle. We obviously would
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like to be sLle to distinguish between the short and long term bios-

pheric cycles expressed by the passage of carbon molecules through these

pools of living and dead plant materials having shorter and longer

storage times, but at present no one has attempted to devise an experi-

mental scheme to do so.

Finally, the flux of fossil fuel derived C07, some 5 GtC y ,

differs from the other exchanges because it is all in one direction.

Though small compared to the exchanges between the atmosphere, bio-

sphere, and oceans, it persistently upsets the over all balance of the

carbon cycle.

Additional unbalances (not shown) may be occurring owing to agri-

culture and deforestation. A controversy exists as to how large a bios-

pheric unbalance there is. Net fluxes as high as 18 GtC y of carbon

have been suggested [Woodwell et al., 1978], but, as I will indicate

later, observations of the atmosphere and oceans rule out any such large

unbalances. Probably the unbalance does not exceed 1 or 2 GtC y , i.e.

considerably less than the flux from fossil fuel combustion. The bios-

pheric carbon pools are so heterogeneous and difficult to assay pre-

cisely, however, that we cannot rule out the possibility on the basis of

existing data that the unbalance is very small or in the other direc-

tion. Land plants may, for example, be responding to higher atmospheric

CO concentrations so as to offset losses in the biospheric carbon pool

induced by man, but with the gains of carbon so widely distributed that

they have immeasurably small impact on any individual plant community.
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THE DYNAMIC CARBON CYCLE

The rate of production of CO from fossil fuel is so rapid at

present that CO is piling up in the air. Were the rate to slow down,

the oceans and biosphere would have more time to adjust to the increase;

i.e. a smaller fraction of the CO from fossil fuels would appear to

remain airborne from year to year. If fossil fuel combustion were to

cease, CO would continue to leave the atmosphere until a steady state

were approached between the air, the oceans, and land biosphere.

From these considerations of the carbon cycle comes the concept of

a dynamic capacity for short term uptake of atmospheric CO in contrast

to a static capacity which would exist if all readjustments had time to

take place. The dynamic capacity, as Oeschger et al. [1980] have

pointed out in an illuminating discussion of the topic, is a function of

the time history of the fossil fuel input. For the biosphere and oceans

the dynamic capacity is always less, presently much less, than the

static capacity.

A mathematically simple perturbation occurs when the input to a

system is exponentially increasing. For any small perturbation to the

carbon cycle, non-linear feedbacks are usually too weak to produce

noticeable secondary effects. Whether the perturbation in question is

caused by fossil fuel combustion, disturbance to plant growth, or any

other natural or man induced process, the dynamic capacities of the

reservoirs are expressible as functions of the e-fold time (i.e. the

time for the input rate to increase by e s 2.7). The fractions of the

.nput entering each reservoir thus remain constant in time. Calcula-

tions using the actual fossil fuel production data, which are reasonably
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well known [Keeling, 1973; Rotty, 1982], produce predictions which

closely approximate those obtained assuming exponential behavior. Thus

we can have it both ways: we can make the calculations correctly with

respect to the input of CO , but we can interpret them in terns of a

simple mathematical formulation.

The disruptions of production in petroleum and natural gas since

1973 have, however, caused a marked departure from previous exponential

growth in fuel use. This is an annoying new complication for mathemati-

cal modelers seeking simplicity. Nevertheless, the lags in the carbon

system are such that, up to the present, calculations based on an

overall exponential assumption to the present still produce predictions

nearly as good as more refined ones. This may not be true for much

longer, however.

Figure 3 shows a calculation of the partitioning of CO from fossil

fuels assuming an exponential model. The displayed fluxes and reservoir

changes are approximately correct for 1980. The atmospheric increase

(3.07 GtC y~ ) is based on direct observations, as discussed be1™. The

ocean response to CO is computed assuming one-dimensional vertical dif-

fusion below a surface layer [Keeling, 1979] with the rate of diffusion

set to satisfy the steady-state (i.e. presumed preindustrial) distribu-

tion of radiocarbon in the dissolved salts of ocean water. The bios-

pheric flux, estimated essentially by difference, is found to he posi-

tive, i.e. the biosphere is predicted to be growing in carbon content.

This prediction is characteristic of most global models based on

conventional concepts of ocean circulation, when calibrated with

radiocarbon. Several models involving more oceanic compartments and
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Figure 3. Redistribution of CO from fossil fuel combustion, in GtC
y , predicted by a four reservoir model in which the carbon is randomly
mixed in the atmosphere, surface ocean, and lane1 biosphere, and is tran-
sported by vertical eddy diffusion within the deep ocean. The arrow
fron the left to the atmosphere depicts the source from fossil fuel
combustion, assumed to be 5.f>7 Gtc per year. The other arrows refer to
net exchange. Adopted from Keeling [1979, p. 290],
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Figure 4. Same as Figure 3 except that the eddy diffusion is increased
by a factor of one hundred.
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pathways (polar waters, marine organic carbon fluxes and the like) have

predicted somewhat greater oceanic uptake, but none indicate any uptake

large enough to be consistent with large losses of biospheric carbon to

the atmosphere.

Figure 4 shows a calculation from the same model r.s Figure 3, but

more consistent with the upper limit of recent predictions based on bio-

logical data. A loss of over 3 GtC y of carbon as CO from the bio-

sphere is indicated. This calculation [Keeling, 1979] assumes that the

oceans mix instantaneously from surface to bottom - a drastic upper

limit as far as concepts of oceanic uptake are concerned. Unless there

are some important pathways missing in the model, and so far no such

"missing CO " has been identified, this model tells us that the land

biosphere can't be losing more than about 3 GtC y~ of carbon. But more

realistically, at least three quarters of the oceans, essentially most

of the water below 1000 meters depth, are kiown to communicate with sur-

face waters only over hundreds of years. Hence this calculation is at

least a four fold exaggeration of possible difference in biospheric flux

from that shown in Figure 3. A reasonable upper limit to land biosphere

net loss of carbon, based on oceanic model results, is evidently about 1

GtC y . This limit is not far from the recent estimate of Olson

[1982J, based on inventories of biomass and soil carbon, and therefore

suggests that the gap between the predictions of oceanographers and

biologists may be closing.

As I will discuss below, measurements of atmospheric CO offer,

additional indirect evidence that the biosphere is not discharging large

amounts of CO into the air, at least not since 1958. This evidence,
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however, is not beyond dispute, because of uncertainties in the observa-

tions. Better atmospheric data, and direct evidence of changes in the

oceans are needed, if scientists are to arrive at a clear picture of

where the CO from fossil fuel is going. Therefore, in addition to

presenting an interpretation of present observations of the carbon

cycle, I will suggest below how the global data base might be improved

within the next few years.

THE CARBON CYCLE SEEN FROM THE ATMOSPHERE

ATMOSPHERIC DATA

The most detailed, and nearly the longest record of atmospheric CO

concentration is that of Mauna Loa Observatory, located 3400 m above sea

level on the north slope of a barren volcano on the island of Hawaii at

19°N latitude. A joint program of the Scripps Institution of Oceanogra-

phy and the U.S. Weather Bureau and its successor agencies has pursued

C0_ measurements here with only minor interruptions for Ik and a half

years. The methods of measurement and calibration [see Keeling et al.,

1982] have been nearly unchanged over this long period to insure a con-

sistent record. Monthly averages, obtained from a continuously operat-

ing nondispersive infrared gas analyzer, are shown in Figure 5, season-

ally adjusted data in Figure 6, and an exponential fit in Figure 7. The

e-fold time of this latter fit, found from the data itself, i6 26.6

years. This period is in close agreement with that found by similarly

fitting the fossil fuel yearly input function from 1945 through 1981

shown in Figure 8, for which the e-fold time is 23.9 years. In Figures

9, 10 and 11 are shown similar plots for the next most detailed record

at the South Pole, located 2800 m above sea level [Keeling et al, 1976
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Figure 5. Trend in the concentration of atmospheric CO at Mauna Loa
Observatory, Hawaii, at 19.5°N, 155°W. Dots indicate the observed
monthly average concentration based on continuous measurements. The
oscillating curve is a fit of the average annual variation (expressed by
four harmonics) superimposed on a spline function representation of the
seasonally adjusted secular trend, forced to agree with the adjusted
monthly averages.
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Figure 6. Same as Figure 5 except seasonally adjusted. The spline fit
is stiffer than in Figure 5 so as to represent only longer term features
of the trend.
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Figure 7. Seasonally adjusted data of Figure 6 fit to an exponential
function.

5500 -

I860 1980

•\zyrc 8. The rate of production of industrial CO plotted in units of
; 'j z, of carbon ner year. Dots indicate annual values based on fuel
%.">-{>iction data of the United Nations. Solid curves are exponential
'•'.",•: no the intervals I860 to 1014 and 1945 to 19R1.
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Figure 9. Trend in the concentration of atmospheric CO at the South
Pole. Dots indicate monthly averages based on flask analyses except for
1961 through 1963 for which monthly averages are based on continuous
measurements. The oscillating curve is a fit of the average annual
variation superimposed on a spline function representation of the sea-
sonally adjusted trend, as in Figure 5.
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Figure 10. Same as Figure 9 except seasonally adjusted, and with a
stiffer spline as in Figure 6.
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and unpublished]. These data are based mostly on twice monthly collec-

tions of flask samples but include continuous data from 1959 to 1963.

For this station the e-fold time of an exponential fit is 21.9 years.

Until now we have not seen any tendency for the rate of rise of CO

at either station to fall off in response to a slow down in fossil fuel

production, but there are obvious departures from exponential behavior

in the CO record which persist for several years at a time. Thus the

fraction of the CO produced from fossil fuel which appears to remain

airborne from year to year has fluctuated considerably over short time

periods. This feature is emphasized in the plot shown tn Figure 12. It

is obvious that the cumulative airborne fraction, found to be 57% taking

the average of both records from 1959 through 1980, is not an adequate

parameter to describe the rise in atmospheric CO in any detailed way.

A considerable part of the erratic year to year increase in atmos-

pheric CO correlates with a large scale meteorological phenomenon

called the southern oscillation, a discovery made by Bacastow [19761.

The southern oscillation reflects air-sea interaction of winds and ocean

currents. Changes in these motions evidently cause the CO exchange

between the air and sea to fluctuate over intervals of the order of four

years. We lack time series of the chemistry of surface ocean water to

determine what actually is occurring at the sea surface, and no single

mechanism has been identified which clearly explains the phenomenon.

The correlation is clearly significant, however, and we have used

it to obtain an adjusted record from which the correlating variance has

been removed. As we see from Figure 13, the shorter term variations in

the year to year increase in CO. are thus reduced, but a longer tern
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Figure 12. Upper plot: annual input of fossil fuel CO in the atmo-
sphere versus time, expressed as an annual increase in'concentration of
atnosoheric CO neglecting any possible removal. Lower plot: annual
increase of atmospheric CO based on the average of the secular trends
for Manna Loa Observatory, Hawaii, anrt the South Pole, where the trends
were estimated from the spline fits shown in Figures *S and 10.
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variation remains. Rust et al. [1979] have also noted this longer term

variation and speculate that it correlates with sunspots. We need at

least twice as long a record to have confidence in this correlation, but

the unsteadiness which we see in Figure 13 is a cause for questioning

predictions of future CO increases in the air based on models which

predict a constant or only slowly increasing airborne fraction. It

would be a mistake to assume at present that we know enough about the

carbon cycle to cease making the precise measurements which keep track

of what is actually occurring.

Another cause for concern is that the e-fold time found by fitting

the South Pole record to an exponential is considerably less than for

ftauna Loa Observatory. How can such a large difference occur in the

character of the rise between two atmospheric CO stations? This

difference requires that substantial differences in gradients have

occurred between the two stations over the past two decades. This topic

will be discussed in more detail below.

Additional atmospheric CO measurements have been made at over 20

other locations. Many of these efforts carried out by agencies of

national government began only recently, largely in response to

encouragement by the World Meteorological Organization. I show in Fig-

ure 14 only data which have been calibrated against the Mauna Loa

record, i. e. measurements made by instruments at Scripps or directly

referable to such measurements. More data, similarly referable, is

scheduled to be published in the Journal of Geophysical Research within

the next twelve months. Except for the Mauna Loa record the monthly

averages shown in Figure 14 are based on flask samples collected at each
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Figure 14. Concentration of atmospheric CO at various latitudes, shown
from north to south: (a) Weather Ship ?, 56.0°^ (b) La Jolla, Califor-
nia, 32.9°N, (c) Mauna Loa Observatory, Hawaii. 19.5°N, (d) Fanning
Island, 3.9°N, (e) Christmas Island, 2.0°N, and (f) the South Pole. The
smooth .carves" are fits to a spline function plus harmonics with periods
of 12, 6, A, and 3 months.
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station and analyzed afterwards at Scripps. The stations lie roughly on

a north-south line extending from the north coast of Alaska to the South

Pole. The records are similar (even as to correlation with the Southern

Oscillation) except for the seasonal variation which decreases steadily

In amplitude from north to south,. This seasonal variation obviously

reflects land plant activity, but whether additional processes in the

carbon cycle also influence the seasonal variation is difficult to

determine because practically no independent data exist on the net flux

of CO between plant communities and the ambient atmosphere. A study

reported by Reichle et al. [1963] points the way to what could be done

to obtain such data, but a major effort would be needed to provide

enough data to permit a valid check on the atmospheric CO seasonal

cycle.

BIOSPHERIC RFFFXTS

The atmospheric CO- data from land stations, as shown in Figure 14,

together with additional data from sampling on ships as discussed below,

are sufficient to estimate the integrated seasonal withdrawal of CO .

After making an allowance for the attenuation in the seasonal signal

with height, Heimann and Keeling [1982] computed that 4.2 Gt of carbon

are withdrawn between a spring maximum (near 1 May) and a fall minimum

(near 1 September) over the region from the North Pole to 14°s. Further

south 0.24 Ot of carbon are withdrawn approximately six months later.

The hemispheric effects were divided at 14°S, since the northern hemi-

sphere oscillation, as can be seen in Figure 15, crosses the equator and

dies out at near this latitude.
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Figure 15. Observed seasonal variation of atmospheric CO concentraticn
based on observations from stations and ships, circa ?98O. The dots
above the upper border indicate the latitudes where observations were
obtained. The stations are South Pole (SP), faring Head, \ew Zealand
(BH), oceanic stations of FGGE expedition (FGGE), La Jolla, California
(LJ), Weather Ship P (P), and Point Barrow, Alaska (B).
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The only independent estimates which can be compared with these

computations were obtained by meteorologists on the basis of rough

assumptions about the seasonal behavior of the northern hemisphere land

biosphere. Machta [1974] calculated a net CO uptake in summer north of

10°N of 3.7 Gt of carbon. Junge and Czeplak [1968] computed 6.1 Gt

north of 10°N.

These fluxes may seem surprisingly small compared to the 60 Gt y

of carbon exchanged by the atmosphere and biosphere as discussed in the

introduction and shown in Figure 2. The latter flux is the estimate of

biologists of the so-called net primary production (NPP) of land plants,

integrated over both hemispheres. The NPP is measured for individual

plants or isolated plant communities. Global estimates have been com-

piled from such data, for example by Lieth [1975].

Primary production occurs during daylight periods when plants carry

out photosynthesis; at night it is practically nil. 3ut during both day

and night CO is returned to the air by decay processes involving oxida-

tion of organic detritus from plants and soil carbon. To produce a net

gain of biospheric carbon during the growing season, a large fraction of

NPP is needed just to overcome these losses. Also, in the tropics where

seasonality in the growing season is weak or absent, NPP and decay

processes are nearly in balance for all months of the year. As a conse-

quence, only a small part of the withdrawal and release of CO from the

biosphere at low latitudes is observable as a seasonal variation in

atmospheric CO .

It will thus prove difficult to obtain verification from plant stu-

dies of changes in the net seasonal withdrawal unless new techniques can
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be devised to study such effects integrated over the whole growing sea-

son in temperate and polar regions. Yet these net effects aust be

understood, if we are to perceive the changes in biospheric activity,

possibly triggered by man-made causes which I will now discuss.

From the Mauna Loa atmospheric CO record there is evidence that

the seasonal activity cf land plants has increased over the past 20

years at an average rate of 0.66% y or 16% overall, as shown in Figure

16. This is a surprising finding since the fractional increase in

atmospheric CO for the same time period is only 8%, (frora 315 to 140

ppm). The data have been checked carefully [Bacastow et al., 1980] to

be sure that no calibrational error could produce this apparent change

in amplitude. The data evidently contain no lai-ge systematic errors

although more or less random errors in sampling and measurement contri-

bute to a large over-all uncertainty in the estimate.

A twelve year record at 50°N, 145°W at Weather Ship P obtained by a

joint effort of the Scripps Institution of Oceanography and the Canadian

Federal Marine Sciences Directorate and its successor agencies shows a

similar increase of 0.77 % y .

Part of the increase at both locations is likely to be owing to an

increase in the fossil fuel input which is to some degree seasonal, but

as shown by Pearman and Hyson, 11981] the fossil fuel effect is probably

only a minor correction.

An increase in plant activity does not necessarily signify an

increase in carbon storage by the land biosphere; it could be solely a

result of an increase in the intensity of uptake of carbon stored in the
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organic phase for only one growing season. Such a large increase in

activity, however, is unlikely to be owing solely to this short term

storage; an increase in leaf area and biomass persisting from year to

year seems more reasonable. If the latter is occurring, the mean annual

storage of carbon is increasing and thereby reducing the apparent frac-

tion of fossil fuel CO remaining airborne.

Clearly, direct biospheric data would be useful to verify these

inferences from the atmospheric data, but NPP data alone will not be

enough. Biologists must document small net changes averaged over days

and weeks in the air-plant fluxes and in the amounts of carbon stored in

living matter, detritus and soils.

CHANGES IN MEAN ANNUAL PATTERNS r>Y ATMOSPHERIC CO

Numerous measurements of atmospheric carbon dioxide have been made

on board ships, both with continuous non-dispersive gas analyzers

installed on the ships, operated in a manner similar to the Mauna Loa

analyzer, and from samples of air collected in flasks, analyzed in the

shore laboratory at Scripps. Most of these data involve single passes

across an ocean, but in 1979 and 1980 as part of the First Global Geo-

physical Experiment (FGGE), seasonal coverage was obtained by repeating

the same track 14 times between 20°N and 17°S near the longitude of

Hawaii [Wyrtki et al., 1980], From these FGGE data we have recently

been able to establish the seasonal variation in CO far better than

before in both hemispheres. The results of combining the FGGE data with

station data are shown as a two dimensional fit to a surface expressed

in latitude and time of year in Figure 15.
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If the seasonal variation given by Figure 15 is assumed to repeat

every year at all latitudes, as it obviously does at the stations shown

in Figure 14, we can improve our interpretation of previously obtained

shipboard CO data, especially where there are major gaps in the sea-

sonal coverage of these earlier data. In particular, by seasonally

adjusting these earlier data on the basis of the 1979-1980 data, they

can be averaged to reveal spatial patterns in their annual averages.

The latter show very little east-west variation but marked variations in

the north-south direction. Accordingly north-south variations have been

looked at in detail as a means to deduce nonseasonal sources and sinks

in the carbon cycle, especially sources and sinks arising from air-sea

exchange and persistent unbalances caused by fossil fuel CO emissions

or man-made changes in the biosphere.

Such a study was already undertaken by Bolin and Keeling [1963]

nearly two decades ago using a cruder estimate of seasonal variation.

But with annual average data extending over 20 years one sees time

changes as well. I have grouped the data around the periods near 1962,

19o8 and 1980 to produce three plots of the north-south variation of CO

near the earth's surface, as shown together in Figures 17a - 17d.

Relative to the mean annual concentration at the South Pole, plot-

ted as zero for all three dates, the concentration profiles show two

major features. Firstly, there is always peak at the equator.

Secondly, the northern hemisphere concentration is seen to rise per-

sistently relative to the southern hemisphere. This differential rise

is expected because the input of fossil fuel (. 2 has increased from 2.6

GtC y"1 in 1962 to 5.3 GtC y"1 in 1980 with over 90% of the input con-
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Figure 17. North-south variation in the mean annual concentration of
atmospheric CO for 1962, 1968, and 1980, based on observations from
land stations and ships. Plot a: concentration profile for 1962. Open
circles indicate data from ships; triangles and diamonds indicate data
from land stations. The smooth solid curve is a hand drawn fit through
the data excluding points shown by diamonds. Plot b: same as a, but for
1968. Plot c: same as plot a, but for 1980. KUM refers to Cape Kumu-
kahi, MLO to Mauna Loa Observatory (cf. Figure 24). Plot d: the three
smoothed profiles of plots a, b, and c combined as departures from the
contemporary CO concentration at the South Pole. The excluded data,
plotted in a, b, and c by diamonds, are tentatively regarded as contam-
inated except for the points at 19°N. which represent Mauna Loa and are
excluded because of the high altitude.
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centrated in the northern hemisphere. The peak at the equator, at least

qualitatively, is consistent with the world wide .istribution of CO

pressure in surface sea water shown in Figure 18. This pressure, I will

call it P , is high near the equator, indicating that the tropicalco2

oceans are a source of atmospheric CO .

In order to separate the influences of sources of CO from fossil

fuel and high P on the north-south atmospheric profiles, Keeling and

Heimann [1982] constructed a one-dimensional north-south atmospheric

mixing model which assumes a variable eddy diffusion coefficient, K, as

plotte.3 in Figure 19. In the region from 1 4 ° N to 14°S the shape of the

function was determined from changes in the seasonal variation in atmos-

pheric CO based on data from the FGGR program [Heimann and Keeling,

1982]. But the average magnitude of K in the tropics, and the constant

value of h x 10 cm" sec assumed poleward of this region in both hem-

ispheres, were set to yield the best representation of the change in CO

profiles between 1962 to 1980 on the assumption that this change was

solely a result of the increase in fossil fuel input from 2.6 to 5.3 GtC

y . The model predicts that if fossil fuel were the sole process pro-

ducing a north-south gradient in atmospheric CO the profiles would

look as depicted in Figure 20. Then, by subtracting these profiles from

the originals, residual profiles were obtained as shown in Figure 21.

The latter profiles show how, if the model is correct, the north-south

distribution of CO would have looked if no fossil fuel had been burned

during the past century. The residual profiles have peaks at the equa-

tor which are of nearly the same magnitude for all three dates. As

noted in Figure 22, the model indicates that the flux producing the
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Figure 18. Distribution of CO partial pressure in ocean water
expressed as the departure, in ppm, of the concentration of CO in dry
air in equilibrium with surface sea water. The numerical values" [Keel-
ing, 1968] are the departures In partial pressure from 315 ppn which, at
the time of the measurement, was approximately the CO concentration in
air. The contour lines of constant CO pressure are"sho.m dashed where
data coverage is poor.
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Figure 19. Eddy diffusion coefficient, K, as a function of latitude as
deduced by Keeling and Heimann [1982] using a one dimensional model of
meridional atmospheric transport. Solid curve: region of plot where K
is deduced from data of the FGGE expedition and is assumed to be vari-
able. Dashed curve: region of plot where, where for lack of denser CO
data, K is assumed constant.
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Figure 21. Residual profiles of atmospheric CO concentration, obtained
by subtracting thd model predicted fossil fuel profiles of Figure 20 for
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observations. Where the data coverage is poor south of 20°s, the curves
are shown dashed.
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Figure 22. Summary of the atmospheric CO fluxes and of sources and
sinks obtained from the model of Keeling and Heimann [1982J. Fluxes are
expressed in GtC y" . The shorter arrows depict fluxes consistent with
the residual profile for 1980 of Figure 21. The longer arrows below the
diagram indicate approximately the distribution of the fossil fuel
sources in 1980.
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equatorial peak is about 5.0 GtC y" . The flux expected from the high

P~~ near the equator, using the more or less accepted value of 19 moles

co2

era y for the gas exchange coefficient [Bolin et al., 1581], is cal-

culated to be also about 5 GtC y .

This result suggests that the only major source of CO to the atmo-

sphere in the tropics is coming from the oceans. Owing to the impreci-

sion in the present data and uncertainties in the atmospheric mixing

model, an annual flux of 1 to 2 GtC from deforestation of tropical

forests cannot be ruled out, but a much larger tropical forest flux, and

any major change in such flux from 1962 to 1980 seems unlikely.

Furthermore, this study suggests a means, given denser atmospheric

CO data coverage and a better atmospheric transport model, to monitor

tropical sources and sinks of the order of 1 GtC y of carbon or more.

In particular, several years of monthly aircraft sampling of CO in

north-south profiles over Indonesia, South America, Africa, and the

major ocean basins would provide ••* far better data base than the one

year's FGGE shipboard data presented here.

In regard to improved modeling, Fung et al. 11982] report studies

using a three dimensional representation of atmospheric transport which

is likely to produce a more realistic prediction of atmospheric distri-

bution than the Heimann Keeling one-dimensional model. The Fung model

has at present a grid spacing too course to provide final answers, but

it points the way to combining better atmospheric CO data with a better

knowledge of atmospheric transport to monitor continuously the important

sources and sinks of atmosoheric C0_.
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ISOTOPIC STUDIES OF ATMOSPHERIC CO

In CO_, rare Isotopes of both carbon and oxygen occur as ratios to

1 2 1 ft
the abundant Isotopes C and 0. Oxygen isotopic variations reflect

the hydrological cycle [Bottinga and Craig, 1969] and are not of special

13 12
interest here. On the other hand, the carbon isotopic ratio, C/ C,

(usually reported as the per mil variation o* C from standard "PDB")

embodies supplementary information on sources and sinks of atmospheric

C0_ because of the varying degrees of isotopic fractionations involved

when atmospheric CO exchanges with the oceans, biosphere, and sedi-

ments.

Keeling et al, [1980] reported that the rise in atmospheric CO

concentration of 20 ppm from 1956 to 1978 was accompanied by a shift in

b* C of -0.55 %Q (from -6.69 to -7.24%o>- Because this result is

predicted by models with widely varying assumptions about the pathways

of removal of fossil fuel CO2 from the air, the result is not useful to

resolve questions of the relative importance of the oceans and biosphere

in removing fossil fuel CO from the atr. Such measurements, however,

13 12

calibrate the shift in C/ C ratio with concentration, so that his-

toric data, from tree ring studies for example, may be made reliable as

proxy data for changes in atmospheric CO concentration. Although there

is scepticism (for example see Peng et al., [1982]) that presently

available tree ring data are trustworthy enough to prevent misleading

conclusions, the proxy method is potentially valuable.

13 12
Spatial and seasonal variations in C/ C ratios accompany the

variations in concentration already discussed, but the magnitudes are

small and resolution to better than 0.05%o is required to obtain useful
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results. The expected variations have been predicted by Kamber [1980],

New experimental results, presented here for the first time, suggest

that one can actually detect small changes in ratio which identify CO

sources and sinks. Because fossil fuel has on average nearly the same

13 12
C/ C ratio as average plant carbon, isotopic data do not distinguish

these two sources. On the other hand, oceanic CO is readily separated

13 12

from either plant or fossil fuel carbon by means of C/ C measure-

ments.

At five locations: La Jolla, California; Cape K-jmukahi and Mauna

Loa, Hawaii; Fanning Island (at 4°N, 150°W); and the South Pole, Mook et

al. [1982] report time series of the isotopic ratios of atmospheric CO .

At three locations the records extend to approximately four years.

Monthly averages for Fanning Island are shown in Figure 23. The

observed trend in o C agrees closely with that predicted by a model

(shown by a dashed line). Since Keeling et al. [1980] found that a wide

variety of model assumptions led to nearly the same model prediction for

the rate of decrease in o 'C with time as a result of fossil fuel

combustion and changes in the land biosphere, the agreement of the data

with the model is principally a demonstration that the observations are

reasonable, not a test of the model.

The seasonal cycle in & C for the northern hemisphere stations is

consistent with carbon fron land plants being the main source of varia-

tion, with fossil fuel adding a further small contribution. At the

South Pole, however, a primarily oceanic seasonal source Is suggested.

Specifically, the data indicate -27%o to -29%o (with a single station

uncertainty of + 1 %o) for the three northern stations, -21 + 1 % o for
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Figure 23. Seasonally adjusted trends in & C and concentration of
atmospheric CO. at Fanning Island. Upper plot: monthly averages of
o "C. Lower plot: smoothed monthly averages of the concentration deter-
mined by a spline fit of the seasonally adjusted monthly averages. The
dashed curves represent trends calculated by a reservoir nodel similar
to that used to generate Figure 3. Parameters of the model were
adjusted as described by Keeling et al. [19801 so thac the observed mean
value., and rate of increase in CO concentration and observed mean value
of o C agree with the observations.
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Fanning Island and -12 + 4 % Q for the South Pole. Isotopic data from

the FGGE study also indicate a shift to less negative values going from

north to south across the equator. The South Pole data suggest that

only about l/4th of the 1 ppm seasonal variation in atmospheric CO

observed there is owing to plint activity with the remainder owing to

air-sea exchange, presumably driven by changes in oceanic P with sea-
C 02

son.

The annual mean of 6 C, observed at land stations and during the

FGGE study provides further evidence of the nature of sources and sinks

of atmospheric CO . As seen in Figure 24, the north south variation in

& C, averaged over a year, differs in several respects from the

corresponding CO concentration profile. The peak in concentration near

the equator, discussed above, is not seen in the 6 C plot. 7f this

result Is correct, we have proof that the concentration peaks as a

result of air-sea exchange and not owing to deforestation of tropical

forests. This is because CO gas emanating from warm ocean water will

be of similar isotopic composition to atmospheric CO whereas any other

natural source would produce a shift in the 6 ' C profile. The per-

sistent gradient in ^ c from 20°N. to 15°S. is consistent with fossil

fuel CO (with a mean b C value of -27 9bo) as the cause, but could also

be a result of land plant activity, since the carbon isotopic ratio of

plant carbon is practically indistinguishable from the average for fos-

sil fuel. Outside of the tropics, at the South Pole and La Jolla, Cali-

fornia, o C is more negative than expected from any of the causes con-

sidered above, but is In the direction expected from the change with

temperature in the isotopic equilibrium factor for CO exchange at the

sea surface [Kroopnick et al. 1977],
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Figure 24. North-south variation in b C and concentration of atmos-
pheric CO seasonally adjusted and referred to a secularly adjusted
datum of 1 January, 1980. Upper plot: 6 C at land stations (triangles)
and over the Pacific ocean during the FGGE expedition (circles). The
stations from south to north are: South Pole, Fanning Island, Cape
Kuraukahi, Mauna Loa Observatory, and La Jolla. Lower plot: correspond-
ing C0_ concentration profile. At all land stations except the South
Pole tfie concentration has been shifted to correspond with data obtained
from ships. The original concentrations are shown by diamonds, the
adjusted concentrations by triangles. For La Jolla (at 33°N.) the
adjusted concentration was computed from the gradient predicted by the
model of Keeling and Heimann [1982] and the observed concentration for
Weathership P (shown at 50°N.). Fgr each of the four stations with
adjusted concentrations, the o C values were also adjusted on the
assumption that the differences between the observations and expected
concentrations were caused by CO having the & C value which produces
the seasonal cycle at each station. The adjustments would have heen
almost the same by assuming the differences to he caused by fossil fuel
of -27 %o in 6 C.
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The isotopic data can be questioned as being too imprecise to draw

accurate conclusions, but obviously such studies, pursued to high preci-

sion, are potentially valuable in resolving questions regarding sources

and sinks.

ATMOSPHERIC CO DATA IN PERSPECTIVE

There is a widely held opinion among those concerned with the CO -

climate issue, that the main purpose in measuring atmospheric CO is to

prove that the concentration is rising. Those who hold this view sup-

port the continuance of measuremants at Mauna L,oa Observatory, and

perhaps one or more back-up stations, since with such a program the glo-

bal average fraction of CO from fossil fuel remaining airborne can be

watched for as long as is necessary to check on gross features of the

carbon cycle as it responds to fossil fuel combustion. Those who advo-

cate such limited programs a^e likely to point out the high cost of run-

ning Mauna Loa Observatory, and to question whether CO measurements of

lower precision there wouldn't be acceptable if, as a consequence, costs

could be reduced. They are likely to see little reason to add new sta-

tions or programs with aircraft and ships.

I have attempted to demonstrate that atmospheric CO data are more

valuable than is generally recognized. With an interstation precision

of measurement approaching 0.1 ppm, already achieved for the Mauna Loa

and the South Pole records, many details of the carbon cycle could be

seen from time series at 10 or 20 stations supplemented by occasional

series of data gathered at sea. If the pace of shipboard studies were

increased, and if aircraft studies were instituted generally, as they

-,ive been pursued to a limited extent by Japanese and Swedish
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investigators [Tanaka et al., 1982; Bischof, 19811 (and were pursued by

the Scripps group from 1958 to 1962 [Keeling et al., 1968]) even more

useful data could be obtained.

There j_s_ a general awareness that the land biosphere bears watch-

ing. These studies to determine whether man's activities are causing

major changes in the rate of plant growth and storage of carbon, are

just beginning. They need to be evaluated in the light of what can also

be learned about the biosphere by careful measurements of atmospheric

CO . In no case should the continuance of atmospheric studies be an

excuse to curtail direct biospheric studies, but on the other hand, the

atmospheric CO record should be seen as a useful integrator of biologi-

cal effects which will be difficult, or even impossible, to deduce from

direct studies of the biosphere.

With respect to the relation of atmospheric CO studies to the oce-

anic carbon cycle, the situation is somewhat different, because until

now little attention has been given to monitoring the ocean for changes

related to the atmospheric CO increase. It can be seen, however, even

before I survey in the next section the state of knowledge of the oceans

as it relates to the fossil fuel issue, that there are questions arising

from atmospheric CO data which are difficult to resolve without oceanic

data. For example, the mechanism which causes atmospheric CO^ to corre-

late with the southern oscillation probably cannot be established

without direct oceanic measurements.

A second example is also worth mentioning. The reader may be puz-

zled by the relatively high position of the IQftR CO profile in the

northern hemisphere. The position is too high to be explained solely by



11.46

the rise in fossil fuel source strength, as can be seen by comparing

Figures 17 and 20. Whatever causes this discrepancy also produces the

shorter e-fold time for the South Pole compared with Mauna Loa. One can

rule out biospheric exchange of CO as a cause for changes in the

north-south gradient over periods of a few years because the changes in

rate would have to be unrealistically large, but two possibilities still

remain: changes in the strengths of oceanic sources and sinks or in the

strength of atmospheric mixing between hemispheres. To resolve which

mechanism predominates we need representative time series of oceanic

P,,,.. to establish the variability in air-sea exchange directly in bothco2

high and low laticudes.

THE CARBON CYCLE SEEN FROM THE OCEANS

THE STEADY STATE OCEAN

Most oceanographic data on the properties of sea water are obtained

at such high cost in ship time and manpower that one must be satisfied

with a single set of measurements at any one place. This is particu-

larly true below the surface mixed layer where a major effort is

required to obtain a single set of vertical measurements. As a result

the three dimensional distributions of oceanic properties are often

interpreted on the assumption that time variations are negligible; i.e.

one typically assumes that the oceans are in long term dynamic equili-

brium.

The most important oceanic quest related to the CO -climate issue

is to determine how long it takes a quantity appearing in the surface

layer to mix into the water below. This applying not only to CO from
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fossil fuels but to the excess heat which is predicted to accumulate in

the atmosphere if the green house effect increases the atmospheric

blocking of outgoing infrared radiation [Keeling and Bacastow, 1977, p.

73-74; Manabe et al, 1982].

To improve our understanding of ocean mixing, oceanographic surveys

of physical properties are not enough. Even though these surveys fur-

nish a detailed understanding of some kinds of water motions, of density

gradients, and of the histories of well defined water masses, they pro-

vide inadequate information on rates of downward penetration. To sup-

plement them there is presently a program underway to measure transient

tracers introduced into the water by man: tritium, radiocarbon, and the

freons, in particular. Although at least two global sets of observa-

tions are needed to document how fast transient tracers enter the water

column, so far only in the north Atlantic are two sets of data avail-

able, and even here the second set was so recently obtained that the

data haven't been thoroughly assessed. Consequently the possible suc-

cess of this program cannot be determined yet.

Even after the transient tracer program is fully developed, uncer-

tainties in the rates of introduction of tracers into the surface water

will hamper interpretation of downward penetration. Probably it will be

necessary to assume that the oceanic circulation is a steady process

whether this is true or not, because the data will be inadequate to

establish time variations in rates.
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CARBON AS A TRANSIENT TRACER

Why not regard the dissolved total inorganic carbon (DIC) in ocean

water also as a transient tracer and include it in the transient tracer

program? The use of DIC would have the virtue that If its distribution

with time and space were determined, the integrated increase would tell

us, even without computations of mixing rates, how much fossil fuel CO

has entered the water.

From rough estimates of the increase in atmospheric CO since the

late nineteenth century, it can be inferred that approximately 40 jim

kg " of C0_ has been added to the preindustrial surface ocean water,

thereby raising the concentration of DIC (circa 2000 pm kg ) by about

27-,. In a series of studies Chen [1979, 1982a,b] has claimed to have

found this signal of anthropogenic activity in the observational data.

Chen inferred preindustrial concentrations, which of course cannot now

be measured, by assuming that most parcels of subsurface water typically

retain properties derived from when they were last at the ocean surface.

As a result of this questionable assumption, his calculations have not

been universally accepted, even qualitatively. But the anthropogenic

signal must be there, and one can readily estimate that in the next ten

_2
years there will be a further increase averaging about 10 jim kg at the

surface.

The method of measuring DIC which is presently used most widely is

to titrate a volume of sea water with hydrochloric acid solution and to

observe the successive disappearances of carbonate and bicarbonate

salts. Strenuous efforts have been mounted to improve this procedure,

which, during the chemical survey (GEOSECS) which covered the major
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oceans from 1972 to 1979, [Takahashi et al. 1980] experienced uncertain-

ties of + 10 jim kg. Nevertheless, recent operations in the north Atlan-

tic suggest that improvements in this method beyond +_ 4 jim kg are

unlikely.

A second method, under development for over a decade, involves gas

_2
chromatography. Recent laboratory data suggest that +_ 2 41m kg is

attainable with existing methodology and that some further improvement

is possible.

Still another method, developed in my laboratory, is so tedious

that the cost of a single analysis is comparable to that of a radiocar-

bon analysis. But we have achieved for several hundred pairs of samples

a precision of + 0.7 jim kg ; i.e. + 0.5 *im kg for each pair. The

cost could probably be reduced by at least a factor of two were a major

program undertaken.

The simultaneous use of our extraction method and gas chromotogra-

phy would allow both the breadth of coverage and the accuracy needed to

make DIG into a useful transient tracer, provided that unresolvable

variability from sample to sample (some kind of oceanic "noise" in the

anthropogenic signal) didn't seriously interfere. I believe that the

latter problem can be overcome as discussed below.

OCEANIC TIME SERIES

Almost no published data exist to indicate the extent of time

changes in the carbon chemistry of sea water, but I will mention one

recent study which remedies the lack to some extent-.
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Monitoring the carbon cycle in the oceans is more complicated than

in the atmosphere because one must immediately deal with two different

properties: P , which for surface water governs the tendency for CO-

to escape to the atmosphere; and DIC, which measures storage. In addi-

tion, the alkalinity, which measures the electric charge of the bicar-

bonate and carbonate ions, is useful to know since it counts the car-

bonate ion twice (being doubly charged) while DIC counts it once. From

simultaneous measurements of alkalinity and DIC one can distinguish

local processes in the water involving carbonate and organic carbon

phases, and can even compute P indirectly. To separate organic and

inorganic processes affecting DIC and P , we need also to know the

concentration of chemical nutrients, especially nitrate and phosphate,

and to fully explain variations in P we must know the temperature and

co~

ionic strength of the water, the latter equivalent to measuring the

total salt content, or "salinity".

When all these measurements are made on each of a large number of

water samples, some systematic understanding of the carbon cycle

emerges, however. This was the case on the FGG5; expedition discussed

earlier with respect to atmospheric sampling. From oceanic data gath-

ered on the same expedition, seasonal variations in the carbon cycle in

a typical tropical oceanic region have been documented for the first

time by Weiss et al. [1982], As seen in Figure 25, the observed sea-

sonal oscillation in P between 15° and 20° in both hemispheres (solid

circles) is almost entirely explained (dashed lines) by assuming that

temperature and salinity variations alone cause the changes.
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Figure 25. Seasonal variations in the fugacity of CO in micro-
atmospheres (very nearly equal to the partial pressure in2ppm) in sur-
face ocean water of the north Pacific between 15 to 20°N (upper diagram)
and between 14 and 17°S in the South Pacific (lower diagram) from Weiss
et al. [19821. The regional means of the measurements are plotted as
solid circles, and the fugacities of atmospheric CO at the water-
saturated air interface are connected by dotted lines. Surface ocean
water fugacities predicted from temperature and salinity assuming no
air-sea exchange are shown as dashed lines, and assuming air-sea
exchange are shown as solid lines.
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The exchange of CO gas between the air and surface water is calcu-

lated to produce an additional small effect on P (solid lines). To
2

achieve the predicted air-sea exchange, DIC in the mixed surface layer

(about 70 meters deep) should vary by the order of 2 jim kg over the

seasons. The computed variation in atmospheric CO accompanying such

exchange is of the order of 0.2 ppm, thus negligible in the northern

hemisphere compared to the observed variation (dotted lines) which is

owing mainly to the effect of land plant activity. The exchange is pos-

sibly significant in the southern hemisphere where the observed atmos-

pheric variation is small.

In the north, the oceanic currents changed during the course of the

observations, and variations in DIC of the order of 10 jim kg were

observed. In the south, the change in DIC was almost as predicted from

the P as shown in Figure 26 (plotted for 12°S, the only latitude

where enough data were obtained to form a good time series). After

correcting OIC for marine plant activity by assuming that phosphate and

DIC covary in the proportions predicted for plant growth (approximately

100 to 1), the remnant variation in DIC follows within 1 jim kg" the

prediction based on P .

From this study of FGGE expedition data, one can see the possibil-

ity of directly tracking the increase in DIC arising from the oceanic

uptake of fossil fuel CO . The predicted increase, 1 jim kg" per year,

should show up in such a record after only two or three years of moni-

toring.
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Figure 26. Time variation in total dissolved inorganic carbon (DIC,
denoted by 5c ) and associated properties in surface ocean water at
12°S, 150°W, observed on the FC05 expedition. The negative of tenpera-
ture is plotted to suggest a possible relation with DIC. Both dissolved
inorganic phosphate (P04) and OTC (5O have heen adjusted to a sea water
salinity of 35 %o- AT)J 3>C refers to *)TC adjusted to a constant P04 con-
centration of 0.26 mjjkg assuTning that T)IC and PO4 covary with a C/P
atomic ratio of 106.
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Elsewhere we can as yet only conjecture about seasonality. Closer

to the equator, upwelling of water below the mixed layer was observed on

FGGE expedition to produce erratic patterns of P and DIC, although

these seemingly random fluctuations were not so large as to mask the

systematic pattern of high values as shown in Figure 27 for P . In

the large subtropical regions of the world oceans between 20 and 40° of

latitude surface water's tend to circulate anticyclonically, vertical

mixing of surface water is minimal, and chemical nutrient concentrations

are low. Here, variations in P and DIC are probably predominantly

controlled by temperature and salinity as observed during FGGE expedi-

tion between 15° and 20°, N. and S. Poleward of about 40° latitude In

both hemispheres, cyclonic circulation dominates, vertical mixing is

greater, and nutrient levels are high. Here we expect P and DIC to
LUn

be strongly affected by marine plant activity, vertical mixing and

current patterns. In spite of complex patterns, what we do know from

measurements of other chemical constituents suggests that a good deal

about the carbon cycle could be pieced together for these regions if

direct measurements of carbon were made. The degree of complexity is

difficult to assess, however, without better information, and one cannot

be certain of how successful a detailed survey of DIC and related pro-

perties would be.

A minimal program to establish distributions and fluxes in the oce-

anic carbon cycle would require an oceanographic vessel dedicated to

carbon cycle studies for a period of a decade or more. The vessel would

have to be of sufficient size to permit winter expeditions to the high

latitudes. If such a program were instituted, a large vessel would be
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Figure 27. Observed CO partial pressure near 15O°W observed by Weiss
and coworkers [unpublished] during the FGGE expedition. The indicated
numbers mark the individual legs of the expedition where measurements
have been made. The approximate dates are; for leg 7: August-
September, 1979; leg 9: November, 1979; leg 13: March-April, 1980; leg
15: May-June, 1980.
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appreciated anyway, because a large number of scientists interested in

other oceanographic problems would almost surely wish to participate

once a vessel to carry out seasonal studies of the major world oceans

was provided for a dedicated program.

Even such a program is too limited in scope given the magnitude of

the problem. Really what is needed is a vessel for each major ocean

basin.

Is it not too much to ask that the industrial nations monitor the

oceans systematically to find out what environmental effects are being

produced by man's industry? The cost is too great to be met by existing

programs in oceanography. Only when we compare the cost of monitoring

with that of drilling for oil, or mining coal, or transporting these

fuels in oil tankers and colliers does the cost come into perspective.

The most ambitious program to monitor the environmental effects of fos-

sil fuel combustion is likely to cost not much more than l/1000th of the

cost of extracting lossil fuels from the earth and distributing them to

the industrialized nations of the world.
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Carbon cycles on land and in the oceans are coupled by the atmosphere,

and, as Keeling clearly demonstrates, atmospheric CCL measurements can be

analyzed to reveal many aspects of the total cycle's response to

perturbations such as fossil fuel combustion or disturbances to terrestrial

ecosystems. Mathematical models of the carbon cycle that are used to

simulate responses to these perturbations are referenced in one way or

another to the available COo measurement records. In many instances,

model parameter values have been adjusted for best agreement with the CO2

data. Alternatively, inconsistencies between model response and CCL

observations have been interpreted to suggest that the perturbation being

simulated (e.g., fossil fuel CO^ release and forest clearing) is

unrealistic in either magnitude or timing, or both. The release of COp to

the atmosphere by forest clearing is frequently treated in this latter

context.

We are able to discern a good deal about the carbon cycle from the

accurate C0? records assembled by Keeling and co-workers. However,

uncertainty as to the history of change in atmospheric CQ~ concentration

prior to the instrumental records limits our ability to discriminate among

models which are calibrated against an assumed initial steady-state

condition. The lack of an historic record also makes it difficult to test

the consistency of hypothesized perturbations that may have acted in

addition to the fossil fuel release. A number of alternative structures and

model assumptions as well as scenarios on past perturbations such as

land-use change appear consistent with the C0~ measurement records.

The simplest assumption on historic atmospheric CO- levels is

extrapolation of an exponential function, adjusted to fit the trend in an
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instrumental record, backward in time to an assumed steady-state level

(e.g., Rust, Rotty, and Harland 1979). Killough and Emanuel (1981) computed

the net flux of carbon to the atmosphere required to balance the atmospheric

compartment, which was specified by this exponential assumption and forced

by the historic input from fossil fuels. Five models for the exchange of

carbon between the atmosphere and oceans were considered (Fig. 1?. These

models which resolve one dimension, depth, differ in structure but were

consistently calibrated against a common profile for the distribution of

14natural C. For each ocean model, the net flux required to balance the

atmosphere was ascribed to a change in terrestrial carbon storage and is

plotted as cumulative carbon uptake by terrestrial ecosystems in Fig. 2. In

each case, terrestrial carbon storage increased over the last decade;

however, the terrestrial component of the cycle was a net source during some

earlier time periods. These implications of exercises with one-dimensional

atmosphere-ocean models have been noted by several investigators (e.g.,

Bacastow and Keeling 1973, Oeschger et al. 1975, Bjorkstrom 1979, Broecker

et al. 1979).

If the history of CCL concentration prior to the period of

measurements is not specified by an extrapolation of the exponential trend

in COp records, then inputs of non-fossil CO- to the atmosphere

substantially larger than those in Fig. 2 can be consistently accommodated

in one-dimensional atmosphere-ocean carbon models. The assumed value of the

preindustrial concentration of COp in the atmosphere is particularly

important because the steady-state exchanges between the atmosphere and

surface ocean are adjusted to this assumption. If an initial steady-state

concentration lower than that implied by backward extrapolation of COo
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Figure 1. Structural organization of five models of carbon turnover in
the world oceans.
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measurement records is assumed, then a substantial input of COg to the

atmosphere in addition to that from fossil fuels can be accepted by

available atmosphere-ocian models.

Two cases on the historical release to the atmosphere from terreitrial

ecosystems serve to illustrate this point. Houghton et al. (1982) attempted

to reconstruct the net exchange of carbon between the atmosphere and

terrestrial ecosystems by analyzing data on the rates of land-use change in

the framework of a model that accounts for the effects of disturbance to

particular kinds of ecosystems and their rates of recovery. These

investigators' nominal case is plotted in Fig. 3 as curve (a). Analysis of

13 12the decrease in the C/ C ratio in the atmosphere which must have

occurred as a result of the fossil fuel and land-use change CO- inputs may

provide an alternative means of estimating the history of carbon fluxes

between the atmosphere and terrestrial ecosystems (e.g., Stuiver 1978,

Freyer 1979). To infer the contribution from terrestrial carbon fluxes to

13 12
changes in atmospheric C/ C ratio, a global carbon cycle model that

accounts for the influence of exchanges between the atmosphere and other

reservoirs i.ust be invoked, and several investigators have carried out such

13 12a calculation for C/ C time series from tree rings (e.g., Tans and

Mook 1980, Emanuel et al. 1982, Peng et al. 1982). The reconstruction

13 12developed by Peng et al. of the C/ C record assembled by Freyer is

plotted in Fig. 3 as curve (b). The estimates of Houghton et al. (1982)

based on land-use data and those inferred from isotopic evidence are a

tentative indication of the nature of the terrestrial carbon fluxes, but

considerable additional effort is required to verify these results.

Figure 4 shows, the response of a box-diffusion style atmosphere-ocean

model to the fossil fuel C02 input alone (curve 1) and with the net
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Figure 3. Two reconstructions of the net flux of carbon from terrestrial
ecosystems to the atmosphere: (a) based on land-use data and
population statistics (Houghton et a l . 1982), (b) inferred from
13C,12C time series from tree rings (Peng et a l . 1982).
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terrestrial flux estimated by Peng et al. (1982) and that by Houghton et al.

(1982) (curves 2 and 3, respectively). In the latter two cases, the initial

COp concentration in the atmosphere was set to 245 ppm, a value which

yields general agreement between model response and the level of the

Mauna Loa CO2 record but is lower than values indicated by recently

reported evidence such as ice cores.

Although relaxing the assumptions on C02 levels prior to the

instrumental record allows sufficient freedom to include an additional

source of CCL to the atmosphere, significant releases over the past

several decades other than from fossil fuels distort the agreement between

model response and the curvature in the atmospheric CCU record. The

results of simulations shown in Fig. 4 imply that if a significant

contemporary flux of carbon to the atmosphere from terrestrial ecosystems is

verified, then substantial modifications to ocean models appear to be

required.

Clarification of the history of atmospheric C(L concentrations prior

to the detailed measurement records is of highest importance as an

additional constraint on global carbon cycle models. As we gain an improved

understanding of the C02 trend since preindustrial conditions, our ability

to verify particular atmosphere-ocean models under assumed scenarios for the

input of carbon to the atmosphere from terrestrial ecosystems will be

greatly improved. Alternately, if ocean models can be verified by other

means, the role of terrestrial ecosystems can be computed by difference.

Reconstruction of historical C02 records from ice cores, spectrographic

plates, or tree-ring ldC/ C data appears feasible.

Regardless of the success of inferential methods in determining the

role of terrestrial ecosystems in the global carbon cycle, direct data on
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rates of land-use change must eventually be reconciled with our understanding

of the carbon cycle. The approach outlined by Houghton et al. (1982)

provides a systematic framework for estimating net terrestrial carbon fluxes

to the atmosphere. At this stage, it is important to analyze the data

available on a regional level which may provide much more detail and further

back in time than institutional data sets such as those assembled by the FAO.

Rather than tabulating data on a continental scale, it is important to

associate those areas affected by disturbance with as specific a location as

possible to improve the capability to verify these estimates.

In addition to estimating and synthesizing data on the rates of

land-use change, the effects of disturbance on carbon cycling in particular

kinds of ecosystems must be established. In many instances, only scant data

are available (particularly for the soil carbon pool) on the changes in

carbon storage at various stages of recovery. Improving our data bases for

ecosystems affected by disturbance is at least as important as attempting to

establish a CCL fertilization effect in natural ecosystems and certainly

more feasible.

Carbon cycle studies tend to imply the need to improve models of carbon

turnover in the oceans. Available data indicate that averaging across

latitude and major regions probably leads to misinterpretation of the rates

at which the oceans absorb carbon from the atmosphere (e.g., Broecker, Peng,

and Engh 1980). As Keeling points out, a detailed measurement program

should make it possible to determine the net contemporary exchange between

the atmosphere and oceans rather accurately; however, the details of the

dynamic properties of the oceans remain uncertain. Carbon cycle models

based on the detailed tracer data provided by oceanographic programs such as
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GEOSECS and TTO need to be completed and tested. These models require

refinement, with particular emphasis on spatial dependence and the use of

multiple tracers. To make maximum use of all tracers, additional detail

must be considered both from the standpoint of spatial resolution and in

terms of processes such as cycling through the marine biota.
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INTRODUCTION

The purpose of this paper is to respond to Reeling's presentation

from the point of view of what V7e know and could know about the role of the

biosphere in the global carbon cycle. I will limit this paper to two as-

pects of the terrestrial biosphere's role in the carbon cycle: first, to

the basic controversy surrounding the size of the net carbon flux from the

terrestrial biosphere to the atmosphere, and second, the use of the atmos-

pheric C02 record to defect changes in biospheric activity.

BIOSPHERIC FLUX

Most researchers dealing with the global carbon cycle are aware that

a controversy exists as to how large the net carbon flux from the biosphere

to the atmosphere is. In the past net fluxes as high or higher than those

from fossil fuel inputs have been proposed (Woodwell et al. 1978). But,

improved quality of the data bases and changes in the formulation of models

based on the new data have modified the earlier results.

A summary of recent estimates of the net flux to the atmosplere from

the terrestrial biosphere is shown in Table 1. This table demonstrates a

definite convergence of estimates, particularly at the low end of the

ranges, to a value between 1-2 Gt C/yr for 1930. This coincides with the

value that Keeling (this volume) felt could not be ruled out owing to the

imprecision of the present data and the uncertainties in ocean/atmosphere

models.
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TABLE 1. NET CARBON FLUXES BETWEEN THE
TERRESTRIAL BIOSPHERE AND THE ATMOSPHERE

Year

1980

1975

1980

1980

1980

1980

Flux
(Gt C/yr)

0

1

1

0

.5-1.9

1.7

.8-4.7

.3-4.2

0.5

0.8
.5-2.0

Source

Tropical forests and humid
savannas (excludes soil)

Global

Global

tropics

non-tropics

Global mid-value
range

Tropics (excludes soil) 1980 1.3

Detwiler et al. 1982

Oak Ridge

MBL*

MBL*

MBL*

Olson 1982

This paper

* Ecosystem Center, Marine Biological Laboratory

It is clear from the data in Table 1 that the tropical region con-

tributes the largest amount to the net flux. This is due to the changes in

land use in this region, mainly from forests to agriculture. The rates of

land use change in the tropical region used to obtain the estimates of the

flux account for most of the variation.

A few comments need to be made about the values in Table 1. The

range of values given by Detwiler et al. (1982) does not include an

estimate for a flux from the soil carbon pool. According to the results of

the Marine Biological Laboratory's (MBL) model, soils could contribute up

to a third of the total flux (Houghton, personal communication). However,

inclusion of soils by Detwiler et al. would still result in low estimates

for the tropics. The range of estimates given by MBL and Detwiler et al.

are based on bookkeeping type models that tabulate storages and fluxes of
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carbon caused by changing land use patterns. These models do not consider

the role of mature ecosystems which may be sequestering atmospheric carbon

(Brown and Lugo 1981).

In contrast the estimate generated by the Oak Ridge group was ob-

tained from a global model that includes a five compartment terrestrial

submodel based on ecosystem dynamics. The net flux for 1975 resulted from

a simulation that used a function for forest clearing that would yield a

good fit between observed and simulated 13C time series data from tree

rings (Post, personal communication).

Olson's (1982) estimate is derived from a static calculation of the

components of the incomes and losses of carbon to and from the biosphere

due to natural and human-induced phenomena. Average annual losses of 1.6

Gt C/yr from forest land clearing and oxidation of wood products, including

fuel wood, and 0.9 Gt C/yr from humuu are partially balanced by incomes

from regrowth of forest and other ground vegetation (1.7 Gt C/yr).

I suggest that the 1.3 Gt C/yr (Table 1) is an upper bound on the net

flux of carbon to the atmosphere from tropical deforestation. It does not

Include a flux from the soil carbon pool which I have already indicated

could increase the value by another third. This estimate is based on data

for carbon densities of tropical forests from Brown and Lugo (1982) and the

recent estimates of rates of deforestation by Lanly (1982). I also assumed

that all the carbon stored in the above and below ground vegetation was

immediately oxidized to C02 upon clearing the forest. This assumption is

not quite valid because only a fraction is immediately oxidized (about 60Z

in a tropical wet forest; Ewel jit aU 1981) with the remainder going into

the dead organic matter pool which decays slowly. However, the assumption

is useful because it serves to set an upper bound on the flux.
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The estimates In Table 1 can be further refined as new data become

available such as those that I present below. Because the results in Table

1 show that the tropics are a very important contributor to the net flux to

the atmosphere I will restrict the discussion to this region of the world.

The magnitude of the carbon flux depends on the rate and types of

land use changes, the carbon densities of the native vegetation, and the

effect of disturbance on the soil carbon pool.

Carbon in vegetation per unit area (carbon density) varies with vege-

tation type (Olson, in press) or life zone (Brown and Lugo 1982). Carbon

densities of a variety of tropical forests that cover large areas of the

region are given in Table 2. These values are lower than the estimates of

200 t C/ha for tropical rain forests and 160 t C/ha for tropical seasonal

forests given by Whittaker and Likens (1973) which have been used in deter-

mining previous estimates of the net flux from the biosphere. The low and

medium values of Olson (in press) reflect the impact of human disturbance

at various intensities. However, the values of Brown and Lugo (1982) re-

present undisturbed forests. Using these lower density values, Olson

(1982) estimated the current size of the carbon pool in the biota to be 560

Gt.

Although there is still some disagreement in carbon densities of

natural vegetation it is clearly seen that current values are considerably

lower than those previously used in models. It is important to assess

carbon densities of native vegetation as precisely as possible so that the

flux can be determined when it is replaced by other systems. The low

estimates of the net flux of carbon to the atmosphere given by Detwiler et

al. (in Table 1) do reflect the lower carbon densities reported by Brown

and Lugo (1982).
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TABLE 2. CARBON DENSITIES FOR
TROPICAL FORESTS

Brown
Olson & Lugo
(In press) (1982)

low medium high
(t C/ha) (t C/ha)

Lowland wet and rain forests 150 180 155

Lowland moist forests 100 170 166

Lowland dry forests 40 80 130

Savannas/woodlands 30 50 36

Much controversy surrounds the issue of the magnitude of rates of

tropical deforestation. Rates as high as 1-2%/yr have been quoted for

tropical moist forests (Myers 1980). Recent data from the Food and

Agriculture Organization suggest a net deforestation for tropical moist

forests ("closed") of 0.65%/yr and 0.52%/yr for tropical open tree

formations for the period 1980 (Lanly 1982). Approximately 60% of the

tropical moist forests and open tree formations being cut go into permanent

agriculture or other man-made systems, the remaining 40% enter into the

shifting cultivation/forest fallow cycle (Lanly 1982). The rate of tropical

deforestation used in models to estimate the flux of carbon from the

terrestrial biosphere is the major source of the differences in the ranges

of values given in Table 1. It is apparent that more research is needed to

improve the precision of estimates of tropical deforestation rates before

conclusive statements about the role of the terrestrial biosphere in the

carbon cycle can be made.
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Changes In land use affect the soil carbon pool, but adequate infor-

mation as to what extent Is lacking, particularly for tropical lands. As 1

mentioned earlier, soils are an Important component because they account

for about a third of the net flux from the terrestrial biosphere. Some

results show that in humid environments the build up of carbon in soil

previously under agriculture through forest succession is fairly rapid so

that after approximately 50 yr the mean carbon content in the top 50 cm

(88.3 t C/ha) is almost equal to that of the undisturbed forest (97.4 t

C/ha) (Brown and Lugo, personal communication). Another surprising finding

was that a pasture in continuous use for more than 50 yr in a tropical

humid environment had a mean soil carbon content (111.7 t C/ha) that was ac

high as that under the undisturbed forest nearby. Land under permanent

agriculture or pasture for 50-60 yr in an arid environment had a mean soil

carbon content (45.8 - 48.2 t C/ha) that was about 60-75% of that under a

nearby undisturbed forest (63.1 t C/ha). These results are somewhat

contrary to what has been previously assumed. Further research is needed

to confirm these trends.

In summary, new results from terrestrial biospheric models suggest

a convergence of estimates of the present net flux to the atmosphere of the

order of 1-3 Gt C/yr. This flux is within a range that cannot be ruled out

by ocean/ atmosphere modelers because of the imprecision in their data and

uncertainties in their models. Reconstruction of historical trends (last

1G0 yr) suggest that past fluxes were not much different from those of

today. Continued improvement in the assessment of the role of the

terrestrial biosphere in the global carbon cycle can be achieved in the

coming decade through improvement in the quality of the data base, field

studies of the carbon cycles of terrestrial ecosystems, use of models that

include statements describing the carbon cycle dynamics, and use of
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spatially disaggregated models to reflect regional differences in the

storages and fluxes of carbon.

CHANGES IN BIOSPHERIC ACTIVITY

Keeling (this volume) has shown that the amplitude of the seasonal

oscillation in the atmospheric CO2 record has increased over the period of

record. This increase is detected for both the net uptake (peak to trough)

and net release (trough to peak) after the fossil fuel effects have been

removed. It was not clear from the presentation whether the rates of

increase for net uptake and net release were equal.

To detect changes in biospheric activity using atmospheric records,

the two processes of net uptake and net release must be considered

separately. If the rate of increase in net uptake and release rates is

equal, the biosphere may be cycling carbon faster but may not be

sequestering any mor™ carbon on an annual basis because the increase in

uptake during the growing season is balanced by an increase in release

during the dormant season. For example, increased CO, exchange (uptake and

release) by agricultural crops,, either through an expansion of the area

under cultivation or/and an increase in the rate of photosyntnesis, would

account for this observation. If on the other hand the rate of increase in

net uptake is significantly higher than that for net release the biosphere

may be sequestering more carbon. The converse would be true if the rate of

increase for net release were higher than for net uptake. Analysis by

Brown et al. (1981) of preliminary atmospheric CO, data suggests that the

rates of increase in the net uptake and release rates are different. Only

when these points are clarified will it be possible to understand froa the

atmospheric record the nature of the change in biospheric activity.

Experiments to confirm the trends in the atmospheric record can be

performed by ecologists and biologists but to do so requires a large amount
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of money committed for a long period of time. However, further analysis of

the atmospheric record, such as determining monthly rates of change of

uptake and release adiusted for both fossil fuel and ocean effects over the

period of record and by latitudinal region could help biologists plan in

which geographic areas priority should be given.
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PLENARY SESSION 2

THE CARBON CYCLE

Rapporteur: David Heinstein

The goal of the global carbon cycle program report is to document

progress in using knowledge of the global carbon cycle to predict future

atmospheric CO2 concentration given various scenarios of fossil fuel use.

These predictions will in turn be used in climate and vegetation response

models to estimate the effects of increasing CO2 on factors affecting human

activities. A good understanding of steady state properties of the carbon

cycle is developing, but many uncertainties still surround the magnitudes of

rates, sinks, and sources. The likelihood of deviation in these properties

following perturbation of the system is only beginning to be analyzed.

Presently about 50 percent of the carbon entering the atmosphere from

fossil fuel burning remains there. We have been able to document the rise

in carbon storage in the atmospheric pool. The carbon being transferred

from the atmosphere to the ocean should also be detectable in the record of

dissolved carbon in the ocean. It is important to reconcile historic atmo-

spheric CO2 values with the time history of the biosphere and to better

understand how the oceans and land surface interact to regulate the carbon

cycle, including its annual, seasonal, and geographic characteristics.

These characteristics are also important inputs to the CO2 climate modeling

program.

Is the CO2 which does not accumulate in the atmosphere being assimi-

lated by the terrestrial biosphere or by the oceans? The ability to distin-

guish between the interaction of each of these pools with the atmosphere is
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confused by lack of data on seasonality in CO2 partial pressure in ocean

waters; on the distribution of ocean carbon among inorganic sedimentary,

organic, and dissolved forms; and on the size and dynamics of the

terrestrial biosphere.

An increase in ocean uptake of atmospheric CO2 may be detectable from

measurements of the partial pressure of CO2 in subductiug water masses

although these are very noisy records. The concentrations are likely to

vary among different water masses associated with different currents, but

the slope of the relationship between water temperature and CO2 partial

pressure is similar in different water masses. This fact, combined, with the

apparent similarity between the increase in partial pressure of CO2 in sur-

face water and the atmospheric increase recorded in the Mauna Loa data,

suggests that the oceans are remaining at equilibrium with the atmosphere.

There is general agreement that about 1.5 to 2.0 gigatons of carbon are

added to the atmosphere each year from terrestrial biologic systems, largely

by those in the tropics. The factors involved in this estimate are the rate

of land clearing, the proportion of land in various uses and successional

stages, and the effects of change on soil carbon pools. Although carbon may

accumulate more rapidly and to higher levels in some ecosystems, carbon loss

from erosion of agricultural soils is not well defined and may be greater

than current estimates suggest. Thus, despite the apparent agreement over

the amount of carbon released by the biosphere, there is a lack of unanimity

concerning the internal dynamics of the terrestrial ecosystems producing

that flux.

Though the terrestrial biota may be acting as a source of carbon now,

these systems may become sinks as growth increases, because of a fertilizing

effect of increased atmospheric CO2. Some researchers have dismissed this
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likelihood because these systems have historically been limited by factors

other than CO2 concentration.

Modeling efforts have suggested that a model fit to the Mauna Loa data

can only be achieved if fertilization in the terrestrial biota is included.

Many researchers have argued that the terrestrial biota must be acting as a

sink to match the historical data. There is a problem in defining the CO2

concentration of the preindustrial atmosphere. These models assume that the

atmosphere was in steady state with the rest of the cycle. Ice cores indi-

cate that the atmospheric concentration was from 250 to 230 ppm after the

last glaciation. The figure used to initialize models is important to model

behavior. Carbon cycle models are also sensitive to detail in atmospheric

dynamics and in the spatial distribution of land and ocean environments.

Further use of these models nay require spatial disaggregation of the

environments as they are included in the model.

Additional carbon may be sequestered in sediments through the nutrient

fertilization of continental shelf biota. It is still questionable whether

these sediments have increased in quantity recently, but clearly there has

been nutrient enrichment of these waters. Organic sediment increases are

probably being transported to deep sea sediments. Clearly the localized

dynamics of ocean carbon are important in understanding source-sink rela-

tionships, and hence affect estimates of the potential for total carbon up-

take of carbon. It is possible that the increasing amplitude of the yearly

atmospheric carbon cycle is the net result of a large source in the Southern

Hemisphere and a smaller sink in the Northern Hemisphere. We need to iden-

tify the monitoring processes which will most usefully identify the rela-

tionship among geographic location, temporal considerations, and variations

in the carbon cycle.
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The TTO North Atlantic Study
A Progress Report

The two papers which follow together provide a progress report on the
current status of the TTO (Transient Tracers in the Ocean) North Atlantic
experiment. The first_pap_er_ deals with overall experimental design and
presents results from the deep ocean. The second paper addresses the surface
ocean properties observed, and in particular the partial pressure of C02 in
surface sea water and the change in this property since the IGY (1957) and
6E0SECS (1972) expeditions.

The subject matter was divided in this way so as to allow proper emphasis
of the surface properties in their importance to the study of ocean C02

uptake, and because of the readiness of this particular data set. The more
complex and time consuming radiochemical analyses are still emerging from
their laboratory havens. The combined result of these two papers is to
provide a very vivid picture of the progress of this important experiment.
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THE T.T.O. NORTH ATLANTIC STUDY - A PROGRESS REPORT

BY
PETER G. BREWER

NATIONAL SCIENCE FOUNDATION

TRANSIENT TRACERS IN THE OCEAN {T.T.O.)

INTRODUCTION
The TTO (Transient Tracers in the Ocean) study in the North Atlantic in

1981 was a major experiment carried out by a group of chemical and physical
oceanographers to investigate the manner and time scale of ocean mixing, as
deduced from the distribution of radiochemical tracers injected into the
atmosphere, and thence the ocean, in the period 1958-1962 from nuclear bomb
tests. These observations, coupled with careful investigation of oceanic
COg properties, provide unique constraints on ocean uptake of fossil fuel

co2.
The experiment as originally conceived, and later funded, was to follow

a four year plan of preparation, calibration and test cruise (1980), field
work (1981), laboratory analysis (1982) and completion, data analysis and
reporting (1983). At the time of writing this report the field work has
been most successfully completed (TTO Preliminary hydrographic data reports,
vols. 1-4, 1981) and laboratory analyses s^e proceeding at an intense and
rapid rate. It is therefore not yet possible to provide a complete account
of the results of the experiment, however the fragments that are emerging do
provide new insight into the chemistry and physics of a changing ocean. In
the following chapter I will review the basis for this experiment, provide
an account of the field work and a candid view of some experimental
successes and failures, and present (with permission of the scientists
responsible) some of the preliminary data.

BACKGROUND

Each year the ocean takes up approximately 40% of the fossil fuel C0 2
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added to the atmosphere by man. This number is not seriously in doubt;

(it may be perhaps 50X), and this has been the conclusion reached in
virtually all papers on this topic since the original work of Callendar

(1938). The remaining C02 resides in the atmosphere with an atmospheric
residence time of about 10 years; a smaller net transfer of CO2 to the
terrestrial biosphere occurs (COo fertilisation), or is released from the
biosphere (deforestation, burning). The several papers in this symposium
testify to the active debate on these topics, however it is clear that the
ocean is, and will remain, by far the largest modulator of che atmospheric
C02 rise. Attempts to refine a single estimate of ocean CO2 uptake with
greater and greater precision, as though the result were carved in stone,
are unlikely to meet with success. Rather the current apportionment that we
observe between atmosphere and ocean is the net result of an exceedingly
complex set of natural forces; gas exchange, ocean chemistry, winter time
water mass formation, and ocean circulation, k'e need to know the physical

basis of each of these components, to be able to observe the process in
nature, and to have some understanding of how sensitive these properties are
to future climatic change. It is with this in mind that we approach our
oceanic experiment.

The problem was stated concisely more than four decades ago
(Callendar, 1938):

"The effect of solution of the gas by the sea water
was next considered, because the sea acts as a

giant regulator of carbon dioxide and holds some
sixty times as much as the atmosphere. The rate at
which the sea water could correct an excess or
atmospheric carbon dioxide depends mainly upon the
fresh volume of water exposed to the air each year,
because equilibrium with the atmospheric gases is
only established to a depth of about 200m. during
such a period. The vertical circulation of the
oceans is not well understood, but several factors
point to an equilibrium time, in which the whole
sea volume is exposed to the atmosphere, of between
two and five thousand years".

We now know that the deep ocean residence time is closer to 1500 yrs, and
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that the depth of the ocean mixed layer exposed to the atmosphere on an
annual basis is closer to 75m, however the vertical circulation of the
oceans is still, most emphatically, poorly understood.

As scientists grappled with these problems in the years following
Wo-ld War II the merit of what is now called the tracer approach became
apparent. Suess (1953,1955) observed the dilution of natural C in the
atmosphere and Revelle and Suess (1957) and Craig (1957) used box models to
evaluate CO2 exchange between atmosphere and ocean, and within the ocean.
As these models grew in complexity (Keeling and Bolin; 1967, 1968) the

necessity for multiple tracers became apparent, as did the difficulty of
assigning realistic transfer rates between boxes based upon objective

experimental evidence. The injection into the atmosphere of massive
amounts of radionuclides in the nuclear bomb tests of 1958-1962 prior to
the signing of the nuclear test ban treaty provided such a tracer suite,
and a decade later ocean scientists organised the GEOSECS experiment to
observe the oceanic distribution of these species. The tritium and
radiocarbon results from this program (Ostlund et al., 1974) provided a
snapshot of ocean tracer penetration on a 10 year time scale; Figure 1
shows tritium penetration into the Atlantic Ocean in 1972. These data
provide a critical test for models of ocean C02 uptake, for unless the
models can match these observations they are unlikely to be correct. It
should be noted however that the converse is not necessarily true, a model
which simply matches data at one point in time and contains unrealistic
physical principles or dynamic characteristics can not be said to be "true"
or "correct" in any satisfactory sense.

Oeschger et al. (1975) gave major impetus to this field with their
successful implementation of a box diffusion model. The model consisted of
an atmosphere, biosphere, ocean mixed layer, and a diffusive deep ocean.
Their detailed evaluation of the transfer equations and careful selection

of numerical properties (mixed layer depth = 75m, eddy diffusion
2 1coefficient =1.3 cm sec ) yielded an excellent match to the atmospheric

signal. The model successfully coped with the different dynamicr responses
14required for penetration of bomb C and excess fossil fuel C02, and they

concluded that the model would be valid for predictions of the atmospheric
C02 response to the various possible future C02 input time functions.

This satisfactory state was challenged by Woodwell et al. (1978) who
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proposed that the terrestrial biota was currently a large source of CQ2 to
the atmosphere. They suggested that

"the validity and appropriateness of the models of
oceanic mixing are obviously in question"

yet it should be noted that they failed to critique in any way the
specifics of the model equations, numerical parameters, or choice of
testable data. Broecker et al. (1979) responded to this challenge. They
evaluated CO, uptake by the ocean by several independent means using the

14

penetration of tritium, the distribution of natural C and direct
measurements of ocean pCO- coupled with gas exchange calculations. They
concluded that estimates of ocean uptake of excess C02 made by Oeschger et
al. (1975) were as reliable as could currently be made, and that no
compelling reason existed for postulating a terrestrial biomass source for
excess COp today comparable with the fossil fuel signal. It appeared
however that the biospheric contribution to atmospheric C02 in the early
decades of this century could indeed play an important role. Stuiver
(1978) had earlier reached an almost identical conclusion.

Killough and Emanuel (1981) recently compared several models of ocean
C02 uptake, the models differing principally in the size and number of
reservoirs and their sequence of interconnection so that the dynamic
response characteristics varied. Each of the models was calibrated from

14observations of natural C activity, and tuned to match the observed
response to the penetration of bomb C . Their evaluation gave results in
substantial agreement with those of Oeschger et al. (1975), Stuiver (1978)
and Broecker et al. (1979).

At this point it is clear that virtually all successful models of
14ocean C0 2 uptake have relied upon the tracer approach, particularly C

and tritium. The models are tuned to simulate the natural radiocarbon
distribution, and their dynamic response tested against the bomb
transient. It is worth pausing to consider whether the concensus that now
exists is simply a result of complete dependence upon the same limited
data set, and over reliance upon one-dimensional diffusive models.

The tracer, rather than direct, approach has been necessary for
several reasons. Firstly there is no time series of ocean C02

measurements of high accuracy that would match the Mauna Loa, and other,
atmospheric records. Early oceanic C0 2 measurements quite simply lack
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accuracy and precision, and rest upon an unsatisfactory thermodynamic

basis. Keeling (1968) reviewed some of the earlier efforts, particularly

those relating to pH based determinations. He noted that

"These investigators, in their optimism for having

found a simple measuring routine, failed to note

that the new method was scarcely capable of

detecting the small changes in pH of surface ocean

water that reflect significant changes in pCf^*"

This trenchant comment holds true today, and little of the

pre-International Geophysical Year (1957) data are recoverable for our

purposes. Secondly models depending purely upon physical principles and

measurements (T,S) are frequently undertermined. Without the constraints

supplied by independent tracers of differing source functions satisfactory

solutions are not easily achieved. Finally measurements of ocean CO2 made

today are inadequate on their own to address the fossil fuel CtL problem,

and accurate measurement itself remains a formidable technical challenge.

The large natural abundance of CC>2 in all its forms in ocean water, the

complexity of the processes affecting its distribution, and the relatively

small size of the anthropogenic signal, all combine to frustrate the

researcher.

The models described above which currently serve to calculate ocean

C02 uptake, while highly ingenious, are nonetheless viewed with

considerable skepticism by physical oceanographers. Their misgivings are

not hard to appreciate; the models contain little that is recognizable

about the physics of the real ocean. Garrett (1979) has carefully

reviewed the evidence for vertical diffusion in the ocean and finds no
2 -1

physical basis for a vertical diffusion coefficient of >_ 1 cm sec as

required by Oeschger et al. (1975), and indeed by all one dimensional

vertical models. A value of one-tenth that number appears realistic.

Jenkins (1980) has followed the time history of the penetration of

tritium, and its stable, gaseous daughter product helium-3, into the

Sargasso Sea. He shows unequivocally that a one dimensional model with

high vertical diffusivity can not explain the results, and that a scheme

of winter time surface water turnover, followed by lateral penetration

along density surfaces is required.

Physicists can not be expected to assent to a model that contains no
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dynamics; chemists, with some justification, point out that a dynamical
model whic . contains no CO? is of little use to them. Plainly there is a
vast middle ground waiting to be occupied. An essential step towards this
is the acquisition of data, not simply a series of profiles as grist for a
one-dimensional mill, but on an ocean basin scale and with sufficient
resolution horizontally so that features relating to ocean currents may be
observed in the tracer field.

CRUISE TRACK AND STATION FLAN

The cruise track and station plan for the T.T.O. North Atlantic
experiment as finally executed on the R.V. "Knorr" is shown in Figure 2.
One (admittedly controversial) scheme for the circulation of the North
Atlantic (Worthington, 1976) is shown in Figure 3 for comparison. The
tritium signal observed in 1972 (Figure 1) shows a marked deep water front
at about 40°N, 45°W the western basin of the North Atlantic. How will
this 10 year signal evolve into the 25-30 year signal appropriate for C02»
and what fraction of the Atlantic Ocean will be labelled on a 25-30 year
timescale? Reference to Figure 3 shows that the front is associated with
the strong easterly flow of the Gulf Stream extension which provides a
massive barrier to further southerly penetration at that point. The front
then is likely to be a semi-permanent feature of the tracer distribution,
yet transport past this latitude most certainly takes place. Two features
are of interest; firstly the jet of the western boundary undercurrent
(WBUC) shown as the thin line in Figure 3 originating in the
Iceland-Faeroes channel, continuing southwards along the continental slope
of the eastern United States at depths of about 4000m, and vanishing off
the Antilles. Secondly the broad eddy driven ciculation from east to west
shown by the recirculation pattern in Figure 3 and elegantly observed by
Rossby (see Rossby, 1982 for a thorough review). Both of these phenomena
must be observed for an understanding of circulation on the time scale
appropriate for C02 and climate related phenomena.

In carrying out the TTO MAS cruise Leg 1 (Stations 1-14) was designed
to provide two crossings of the WBUC and Gulf Stream, and to re-observe
the tracer field in the current off the Blake-Bahamas outer ridge at 30°N
where tritium penetration had previously been observed (Jenkins and
Rhines, 1980). Leg 2 (Stations 15-41) explored the southern extremity of



60

80W 60W 40W

Figure 2
Cruise track of the R.V. "K-iorr" and station locations for the TTO

North Atlantic experiment, 1981.
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the WBUC, the evidence for the recirculation structure in the south-west
Atlantic, and carried out a re-occupation of several GEOSECS 1972 stations
(TTO Stations 32-38). Crossing the mid-Atlantic ridge, Leg 3 observed the
details of the eddy and mean-flow fields in the intensively sampled
triangle (Stations 48-109) south of the Azores. Using the beta-triangle
approach of Stommel and Schott (1977) the absolute velocities may be
calculated at intermediate depths and eastward transport evaluated.
Northwards on Leg 4 (Stations 110-140) observations were made in the
eastern basin of the Atlantic where the Mediterranean outflow may be
observed, then to the Gibbs Fracture Zone which provides a major route of
communication between the abyssal waters of the eastern and western North
Atlantic Basins. Leg 5 explored the Norwegian and Greenland Seas, their
communication with the Atlantic over the various sills and, reaching 78 N,
their deep communication with the Arctic Ocean. Several GEOSECS stations
were re-occupied though severe summer ice conditions prevented work
directly in the Denmark Strait. The Denmark Strait outflow was examined
on Leg 6, followed by detailed stations in the Labrador Sea, extending out
to connect with work done previously on Leg 4. Finally Leg 7 crossed the
Grand Banks and, turning south, followed the 1972 line of GEOSECS stations
to 28°N, thence to Nova Scotia for completion of field work.

In all 250 hydrographic stations were occupied in 200 days, with
23,745 miles of steaming. Approximately 9000 individual water samples
were taken, virtually all of which were analyzed for salinity, oxygen and
nutrients. More than 3000 samples for tritium analysis were collected,
and more than 1000 samples for radiocarbon were obtained. Not all of
these samples will be analysed, and a careful selection must be made,
however it is clear that this provides a quantum jump in the data base
available for understanding the oceans.

CHEMICAL AND PHYSICAL PROPERTIES MEASURED

The shipboard measurements were made available immediately after the
experiment (remarkably after a delay of only 2 or 3 weeks following each
leg; a tribute to the excellent technical team). These are to be found in
the T.T.O. Preliminary Hydrographic Data Reports Vols. 1-iy published by
the Scripps Physical and Chemical Oceanographic Data Facility (PCODF).
The data compiled here should be used with caution; salinities are
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calculated using the Practical Salinity Scale of 1978 (Lewis, 1980),

densities are determined from the new International Equation of State

(Millero et al., 1980). The densities in particular differ significantly

from those given in GEOSECS reports and this should be borne in mind in

comparing the two data sets.

COp system properties were determined in several ways so as to

provide thermodynamic completion, and have inter-institutional scientific

checks. Alkalinity and total carbon dioxide were determined by the

combined Woods Hole-PCODF team using potenti©metric titration procedures

described in Bradshaw et al. (1981). pC02 was determined by the Lamont

group following gas chromatographic procedures developed by Takahashi et

al. (unpublished). Continuous underway pCO2, pN2O and pCH^ measurements

were made by R. F. Weiss. Shore based measurements of total carbon

dioxide by a gas extraction and manometric procedure were made on a

limited number of samples by C D . Keeling, to very high precision. Any

combination of two of the four variables pH, pCOp> alkalinity and total

C02 permits a complete description of the C02 system, within the limits of

accuracy of the thermodynamic constants required for the calculation, and

thus excellent checks on the accuracy of any one measurement are available

from the TTO data set.

The tracer properties are being measured in several laboratories.

C at the University of Miami (G. Ostlund), and tritium by radiochemical

counting is also determined in this laboratory. An independent

determination of tritium is made at Woods Hole (W. Jenkins) on a different
3

suite of samples via mass spectrometric determination of the He daughter
•j 3 3

of H . This parent-daughter pair provides an H -He dating tool for

sub-surface waters (Jenkins, 1980). Kr is being measured at the

Lamont-Doherty Geological Observatory by low level counting, on gas

extracted from 600 liters of sea water. Chloro-fluorocarbon (freon)

measurements had been planned as part of the program, but severe technical

difficulties were encountered and measurements were only achieved in
quantity on Leg 7. Gas exchange at the sea surface was calculated from

222
measurements of the Rn deficit (Broecker and Peng, 1974).

228
In addition to these properties the distribution of Ra was

measured. This steady state tracer (t 1/2 = 5.7 years) with a source at
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the ocean margins provides strong constraints on horizontal diffusivity.
The massive release of radioactivity (Cs » Cs ) from the Windscale
nuclear fuel reprocessing plant in the Irish Sea was also followed on its
trajectory into the Norwegian Sea.

Each of these tracers carries with it unique information. In Fig-
ure 4 the time history of the tritium concentration (input function) of
North Atlantic surface sea water is shown (Dreisigacker and Roether,
1978). The peak in 1962 and rapid decay thereafter are clearly evident.
Figure 5 shows similar information for c'*, Kro:) and excess C02; each has
a characteristic input function providing independent constraints. The
particular value of C and Kr lies not only in their distinct
radiochemical half lives (5730 yrs and 10.76 yrs respectively) but in
their charcteristic gas exchange rates. The air-sea equilibration time
{•x) for C02 is about 1 year; that for Kr

85 is related to C02 by the
relationship

where R is the Revelle factor, C02g represents the concentration of H2C0j
species, and TCO9 is the total carbon dioxide concentration. The result

85is that Kr is about 9 times shorter than that for C02- The exchange
time for C 0 2 is about 10 times longer than that for C02 and thus these
two chemical species bracket the C02 exchange rate and precisely define
the input rate of C0o to the ocean. The chlorof1uorocarbon gas exchange
rate is rapid, and similar to the rare gas Kr • The strategy for using
these tracers to elucidate the transport of fossil fuel C0 2 into the deep
sea source regions has been described by Broecker et ai. (1980).

PRELIMINARY RESULTS
In order to plan the expedition effectively a test cruise was

undertaken in the fall of 1980. The location chosen was in the region of
the Gulf Stream extension along the 1972 GEOSECS track. In Figure 6 is
shown tritium data from this cruise (Ostlund, 1981) obtained at 35° 57'N
47°00'W; this location was also sampled in 1981 (Station 231 in Figure 2).
The results show clearly the change from 1972 (GEOSECS) to 1980. Surface
values have decreased, from the declining input function (Figure 4) and
from admixture of low tritium water. The sharp maximum at about 1000m in



20

Q

- • - •

oo
10

1950 1960 1970

TIME
Figure 4

Input function for tritium in North Atlantic surface waters.
Dreisigacker and Roether (1978).

1980

From
OCE82-672

2-2-82



4r- 800

600

I
3 2 O

400

in
CO

200

1940

INPUT FUNCTIONS

EQ. SURFACE OCEAN
EXCESS

1950

Figure 5
Input functions for C02,

YEAR

and Kr .

I960 1970



11.107

6000

Figure 6 , ,
Tritium profiles at 35 57 N 47 00 W in 1972 (open circles) and from

the TTO test cruise in 1980 (dots). From Ostlund (1981).



11.108

1972, associated with Labrador Sea water, has broadened due to mixing and

below that deeper penetration of the tritium front has occurred. Deep

water values between 3000m and 4000m have increased. The whole is

consistent with our picture of an ocean signal unfolding in time which we

are seeing in a most marvellous and unprecedented manner.

The results from the 1981 cruise are not yet available, however it

has recently been reported (Ostlund, 1382) that the advance of the 0.2 TU

edge of North Atlantic Deep Water, observed at 43°N in 1972, (Figure 1) is

such that it now occurs at 33°N at depths from 1800m to the bottom.

The C distribution that is emerging conforms with the tritium.

Eventually the signal of these two nuclides will clearly separate due to

their different atmospheric source functions and interhemispheric
14

distributions, and due also to the fact that C behaves identically to

C0o in its involvement with oceanic biological cycles; tritium is, of
14

course, biologically inert as HTO. The C signal from the T.T.O. test

cruise, at the identical station to that shown in Figure 6, is shown in

Figure 7 (Ostlund, 1981). A much smaller change, from 1972 to 1980, than

in the tritium signal is seen. This reflects the dynamic range (signal to

noise ratio) available for the measurement, and the differing source

functions. Moreover this signal is superimposed upon the natural
14

radiocarbon background, the value for pre-bomb A C for the North Atlantic

Deep Water source being approximately -70°/oo. In the case of tritium the
14

natural signal is vanishingly small; in contrast to C we have therefore

a clean page on which to write.

The COp data set from this cruise is of great interest. The

titration procedure used to determine alkalinity and total CO^ has been

the subject of intense scrutiny. Originally developed by Dyrssen (1965)

and applied by Edmond (1970) the procedure was used throughout the GEOSECS

program to obtain critical data on the world's oceans. Discrepancies in

the results led Broecker and Takahashi (1978) to conclude that the results

for total C02 were too high by 14 u moles/kg and no explanation for this

could be found. A careful examination of the fundamental theory behind

the procedure by Bradshaw et al. (1981) showed the source of the error.

The T.T.O. test cruise provided the first opportunity to use the new

procedures in a field setting, and to examine the data in comparison with

more limited, but highly accurate, measurements on selected samples by
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Keeling. Further checks resulted from calculation of pC02 and comparison

with direct measurements by Takahashi. The results showed that the

alkalinity calculated from pCO2 and total C02, measured independently,

agreed with the observed values to within 1+4 u equivalents/kg. The total

CO2 determined by tit»*ation agreed with measurements by gas extraction to

within 4+5 u moles/kg, with the titration results being higher. Overall

the results disagreed with the results from early GEOSECS measurements,

such that GEOSECS data from this region of the Atlantic are too high in

alkalinity by 13 u equivalents/kg, and too high in total C02 by 18 u

moles/kg. Those familiar with the problems associated with expedition

work will not be surprised by this; the essential feature here is that the

T.T.O. results have been subjected to very careful scrutiny and

independent checks, and they appear to be accurate. The large data set

from the 1981 expedition has been subjected to similar checks which are

now being evaluated. The results show that shipboard titration data from

the deep water samples, below 750 meters, agree with careful shorebased

analyses to within 3.5+^2.9 u moles/kg in total C02- This result is

remarkably good. Errors existing in thermodynamic constants required for

the titration are of this scale and it is unlikely that this result can be

bettered. For surface and upper ocean waters the disagreement is larger,

reflecting perhaps operational problems of poisoning the samples so as to

stop respiration, and interference from uncharacterized proton acceptors

in these samples (e.g. weak organic acids).

In addition to the chemical data mentioned above the hydrographic

properties of the ocean are of fundamental interest. The traditional view

of a steady state ocean, constant in temperature and salinity at any one

place from year to year is no longer viable. The North Atlantic in

particular is sensitive to climatic modulation of its water mass formation

areas (Lazier, 1973). One readily recognizable signal of climatic

importance observed on the T.T.O. cruise in 1981 is the marked decrease in

salinity of North Atlantic Deep Waters that has taken place since 1972.

The deep waters, on equivalent density surfaces, are approximately 0.02

°/oo less saline and 0.15°C colder than before. This freshening of the

North Atlantic is widespread, the changes are large and are outside the

range of previous experience. The Labrador Sea Water mass was especially

abundant, being almost 0.05 °/oo fresher and 0.25°C colder than before.
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The simplest explanation for these changes is that some trend in
atmospheric forcing has allowed low salinity surface water to penetrate
the areas where deep water formation occurs. The truth is that we have no
clear idea of how these changes take place, however they are undoubtedly
large and serve as a graphic reminder of the intimate coupling between
ocean and climate.

CALCULATIONS BASED ON THE C02 DATA SET

The radiotracer results from this experiment are not yet available.
The C02 system data are however largely complete and it is of interest to
see if these results are consistent with our picture of an ocean
increasing in C02 content with time. The problem is not an easy one.

The idea that the ocean CCL increase could be observed from
calculations based upon contemporary observations was first published by
Brewer (1978) and almost simultaneously, and independently, by Chen and
Millero (1979). Brewer (1978) calculated respiration and carbonate
dissolution corrected C0 2 partial pressures for a series of water samples
taken along the salinity minimum of the Antarctic Intermediate Water Mass
as observed on the GEOSECS program in 1972. He found steadily decreasing
values away from the source with a signal amplitude of about 50 ppm -
close to the accepted value of the anthropogenic increase at that time.
Chen and Millero (1979) adopted a different approach; although their
respiration correction algorithm was virtually identical they did not
calculate C02 partial pressures, but chose to subtract the calculated C02

content from the observed value of modern day surface waters at that
temperature. The rather good apparent correlation between surface total
C02 values and temperature in GEOSECS Atlantic data bolstered their belief
in the validity of this approach.

Shiller (1981) criticized these calculations. The salient points of
the criticism are that mixing obscures the signal, that the respiration
correction algorithm contains uncertainties, and that the quite variable
pC02 of ocean surface waters creates complexity. It is interesting to
note that, although the doubts listed here are widely shared in the
oceanogrephic community, no alternative calculation has been offered. The
lack of adequate historical data forces us to deal with the problem in
these terms. The concern is not that the concept is incorrect, but that
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the information to be gained from it is limited. The papers cited above

simply show that a C02 related signal is potentially observable in the

ocean by contemporary direct measurement. What further information may be

gained, and what are the uncertainties?

It is not possible here to give a detailed answer to these questions

which are currently being intensively explored (Broecker et a!., in

preparation). The question of ocean mixing is of course a generic one

affecting every oceanic chemical signal equally. However while all

tracers are mixed identically the differing signal, to noise ratios, and

confidence limits that may be placed on input functions, make certain

signals more useful than others. For C02 the signal size of about 35 u

moles/kg in surface waters, measured with an accuracy of about 4 u

moles/kg in deep waters, provides a signal to noise ratio of roughly 8:1.

The signal is degraded rather quickly with depth and other tracers have a

greater dynamic range.

The respiration corrections applied to recover the C02 signal

traditionally depend upon the Redfield ratios. Decomposition of organic

matter in the aerobic ocean is represented by:

C106 H263 °110 N16 P + 1 3 8 02 * 106 C 02 + 1 6 N 0~3 + H P 0 4 2 ~ + 1 2 2 H2° + 18 H+

where the hypothetical molecule above has the average composition of

marine planktonic organic matter. It should be noted that this reaction

releases strong acids and thus decreases the alkalinity (Brewer and

Goldman 1976). Since these are average values the decomposition at any

one location will likely diverge from this mean. Probably the biggest

difficulty is in accurately knowing the oxygen deficiency. While the

departure from atmospheric equilibrium is readily calculated, surface

waters are rarely at equilibrium. Typically the upper 50 m of the ocean

are supersaturated with respect to 0 2 due to active photosynthesis

occurring there. From the results of the T.T.O. expedition Broecker

(personal communication) estimates an average supersaturation of about 7 u

moles/02/kg. This correction would be readily applicable; however we can

not truthfully say that we know the degree of supersaturation of surface

waters at the time of deep water mass formation.

The Redfield ratios cited above are determined from linear
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correlation of N:P:O:C ratios observed in the ocean water column. One
difficulty we face today with this approach is C02 contamination of the
upper water column. Independent estimates are available from the analysis
of sediment trap material (Honjo et al, 1982), and from examination of the
nutrient ratios in sediment pore waters (Grundmanis and Murray, 1982).
Broecker et al. (1982) have recently assessed the evidence from these
three approaches and concluded that, although a discomfitting degree of
uncertainty existed, the traditional numerical values are indeed
reasonably good averages.

The problem of reconstructing the ocean C0 2 signal is not likely to
be resolved quickly. The following graphic example will serve to
illustrate the complexity we face. In Figure 8 are shown the total C02

data from the TTO western Atlantic North-South section as determined by
the ship-board titrators. These results are not yet final and small
corrections are still being applied. Hidden within these data lies the
signal of the fossil fuel CO? increase. The deep water ages from north to
south and the C0 2 content naturally increases due to respiration of living
organisms. By adding fossil fuel C02 to the deep water formation areas in
the north we are decreasing the natural north to south gradient. Figure 9
shows a transform of this signal using the calculation of Brewer (1978).
The presentation is of re-contructed pCO2 in ppm. A cursory examination
of this figure would lead to the conclusion that the interior of the ocean
at about 25°N had "seen" an atmosphere of 265 ppm C02 and that there is a
steady increase northwards and towards the surface where present day
atmospheric equilibrium values occur. Very low values are recorded in the
far northern surface and deep waters. Although there is a signal there,
the problem is that if we had made these measurements, and performed this
calculation, a century or more ago we would not have been presented with a
blank page or a single value. We are writing of top of a natural signal,
and we only faintly perceive what that signal is.

Consider next the line of stations in Figure 2 extending from the
center of the Sargasso Sea towards Nova Scotia (Stations 235-250). This
line crosses the Gulf Stream extension (Figure 3) and the western boundary
undercurrent as it flows south at the base of the continental rise off
Nova Scotia. The strongly advective signal of the undercurrent is of
great interest. The water contained within it is young and it has been
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shown to contain elevated levels of tritium even far to the south of this

location (Jenkins and Rhines, 1980). Dramatic evidence of the recent

origin of this water and its contamination with anthropogenic chemical

species may be seen in Figure 10. This shows the chlorofluorocarbon

content (Freon-11) in pico-moles/liter along this section as measured on

board the "Knorr" by R. Gammon (personal communication). The current

signal is plainly outlined at a depth of 3500m with the direction of flow

being out of the plane of the paper. The Freon 11-Freon 12 ratio observed

would correspond to an "age" of 2-6 years for the core of this current.

In Figure 11 is shown the back calculated pC02 content of these

waters, along the identical transect. One would expect, by simple analogy

with the tracer approach, a strong CO2 signal; one observes nothing, or at

least no clear indication. What is happening? The most probable

explanation is that the execution of this experiment in the previous

century would very likely have revealed a distinct minimum which we have

filled in with fossil fuel COp. Northern surface waters from which this

current is derived have very low pC02, maintained by strong cooling and

biological productivity. Values as low as 200ppm were recorded in the

Greenland Sea during the TTO cruise, reflecting a 30% disequilibrium with

the atmosphere. These low values persist through the winter season and

the deep water is thus labelled. The sig.ial we observe reflects advection

(and mixing) of these low values. A Mery similar signal is found in the

dissolved silicate concentrations (Richardson, 1977; Needell, 1980) where

the undercurrent has been traced by the negative silicate anomaly.

It should be noted that the observation above is not proven. It does

however serve to illustrate rather well the problem described by Broecker

et al. (1980).

CONCLUSIONS

The TTO North Atlantic experiment is currently at, or just past, its

mid-point. The results should provide a basis for models yet to come.

The current phase of the work involves generation, and dtbailed scrutiny,

of data. On the evidence available to date these appear to be first

class. Not all the results have been described in this paper. Work on

gas exchange rates, progress on measuring Kr and Ar, and on mass

spectrometric determinations of tritium and helium-3, must await a later
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review. The successful incorporation ot the results of this experiment
into models of ocean circulation and COp uptake provides a challenge for
the very best minds in ocean sciences.
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ABSTRACT

Measurements of the partial pressure of C0~ in surface water made

during the seven-month long Transient Tracers in Oceans Expedition in

the North Atlantic (TTO/NA), April-October, 1981, are summarized to show

the geographical, seasonal, and secular variations in surface water

pCO . The pCO? and temperature data show four distinct trends, each

characteristic of the surface ocean circulation regimes. A systematic

trend of 4.3%pCO?/ C is observed in the Norwegian-Greenland Sea and in

the Labrador Sea. On the other hand, in the Sargasso Sea and in the

area of the Antilles Current, another systematic trend of 1.2%pC02/ C is

observed. The seasonal variations in pCO_ and temperature observed at

three geographical locations appear to be consistent with this trend.

These pCO_-temperature relationships are a manifestation of complex

interactions between various oceanographic processes, such as C0_ gas

exchange between air and sea, mixing depth of surface layer, upwelling

of deep waters, biological activities and seasonal temperature changes

in surface water. Progress made to date for understanding of the origin

of these relationships is discussed. A comparison of the 1981 TTO/NA
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data with those of 1972 GEOSECS and 1957 IGY obtained in the Sargasso

gyre surface water shows that the surface water pCO_ has increased at a

mean rate of 1.5±0.5 patra/yr. This rate is consistent with that for the

atmospheric C0~ increase observed by Keeling and his associates. If

the surface water alkalinity is assumed to be constant since 1957, the

observed secular increase in the surface water pCO_ n»sy be taken as an

evidence that the Sargasso gyre surface water has taken up C0? at a

mean rate of 0.9+0.3 yM/kg.sw/yr. In recent model calculation studies

for C0~ uptake by the oceans (e.g. a box-diffusion model study of

Oeschger et al (1975)), it is commonly assumed that the C0_ content in

surface ocean water increases with time as it takes up industrial C0_.

The result of the present investigation is a verification of this

assumption.

INTRODUCTION

The difference between the partial pressures of C0_ in the atmos-

phere and surface ocean water, ApCO~, constitutes the thermodynamic

driving force tor C0« gas exchange across the air-sea interface. When a

gas exchange coefficient is known, the net transfer flux of CO- across

the interface can be computed as a product of these two quantities.

Therefore, in order to investigate the C0_ transfer between the atmos-

phere and oceans, the geographical distribution of ApCO« has been

investigated since the International Geophysical Year (IGY) in 1957-

1958. The IGY results are summarized by Keeling (1968) for the dis-

tribution of ApCO- in the world oceans, and the results of more recent

GEOSECS Expeditions, 1972-1978, in the Atlantic, Pacific, and Indian

Oceans are summarized in Fig. 1 (Takahashi and Azevedo, 1982). These
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results phow large regional variabilities in ApCCL. Large positive

values up to +80 yatm have been observed in the equatorial belts of the

Pacific and Atlantic, indicating that this area is a strong source for CO-;

and large negative values as low as -150 patm have been observed in the

Norwegian-Greenland Sea, indicating that this area is a strong sink. Since

measurements were conducted during the summer months, these values represent

the summer conditions in the both hemispheres. According to Keeling and his

associates (1976-a, 1976-b, and 1981), the global and seasonal variability

of the atmospheric pCO? is relatively small: the seasonal variability is

about 15 uatm in northern high latitudes and about 1.5 patm in the southern

hemisphere. The secular increase rate is also small and is about 1 yatm/yr

(Bacastow and Keeling, 1981). Accordingly, the atmospheric variability is

small compared to the oceanic pC0_ variability, and hence the observed

large geographic variability in ApCO« is attributed mainly to variation

in the oceanic pCO_. However, because of the limited data base, the geo-

graphical and seasonal variabilities of the oceanic pCO- have not been well

understood. Furthermore, prior to the present work described below, its

secular trend has not been determined.

The Transient Tracers in Oceans Program in the North Atlantic Ocean

has provided an excellent opportunity to investigate the geographical

and seasonal variabilities in the oceanic pCO_. The ship's tracks and

station locations have been designed a) to sample a wide range of

oceanic regimes via a number of sections arranged perpendicular to the

direction of deep water flow field (rather than a simple N-S or E-W

section), and b) to sample at three geographic locations several months

apart in order to investigate seasonal variabilities in the upper water

column and to test the reproducibility of measurements in deep waters.
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Since the surface water pCO2 distribution is inherently noisy due to

complex interactions of the circulation (vertical and horizontal),

thermal exchange and biological processes in upper waters, extensive

geographical information from the TTO/NA Expedition is needed to see the

systematics of pCO_ distribution. In this report, the results of our

pCO? measurements obtained in the surface ocean water of the North

Atlantic during the TTO/NA Expedition are summarized, and the geogra-

phic, seasonal, and secular trends are discussed.

SURFACE WATER CIRCULATIONS

The ship's tracks, station locations, and the generalized surface

circulation patterns in the North Atlantic are shown in Fig. 2. Since

the distribution of surface water pCCL values will be interpreted in

terms of major surface circulation regimes, the circulation pattern will

be briefly explained. The Antilles Current represents a mixture of the

westward flow of the Sargasso gyre water and the northward transport of

the South Atlantic surface water to the North Atlantic. After it flows

northward more or less parallel to the Gulf Stream, its identity is

lost. The Gulf Stream carries a large amount of warm water north-

eastward, and a portion of its northward extension (i.e. North Atlantic

Current) flows into the Norwegian Sea and further into the Arctic Sea as

the Norwegian Current. Another portion of the North Atlantic Current

flows southward in the clockwise direction forming the eastern flank of

the Sargasso Gyre. The East Greenland Current represents a southward

transport of the Arctic Sea water into the western Greenland Sea. It

turns around the southern tip of Greenland and becomes the northward

flowing West Greenland Current in the Labrador Sea. In the northern
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Labrador Sea, it is joined by a southward flowing Arctic water, and

flows southward out of the Labrador Sea as the Labrador Current.

THE pCO -TEMPERATURE RELATIONSHIP

In the North Atlantic, surface water pCO~ decreases generally

toward higher latitudes (Fig. 1) as observed during the GEOSECS Expe-

dition (Takahashi, 1979; Takahashi and Azevedo, 1982). Fig. 3 shows the

relationship between pCO_ and temperature in the North Atlantic surface

water. The data represent those obtained during the TTO/NA Expedition

during April - October, 1981, at some 200 stations indicated in Fig. 2.

Four distinct trends are identified:

1) Sargasso Gyre trend = Defined by the data for the Sargasso

Sea and North Atlantic Current waters

above 10 C.

ii) Antilles Current trend = Defined by the data for the south-

western section of the study area,

Stations 5-36, at temperatures between

18° and 27°C.

iii)Norwegian-Greenland Sea trend = Defined by the station data

obtained in the eastern Norwegian-

Greenland Sea excluding those for the

East Greenland Current, at temperatures

below about 10°C.

iv) Labrador Sea trend = Defined by the data for the East Green-

land Current, West Greenland Current,

and Labrador Sea at temperatures

below about 10°C.
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The slope of these trends is about 1.2%pCO /°C for the Sargasso Gyre and

Antilles Current trends, and 4.3%pC0«/ C for the Norwegian-Greenland Sea

and Labrador Sea trends. The slope of 1.2%pCO?/ C observed for the

Sargasso and Antilles Current trends has been also observed in the North

and South Atlantic gyres during GEOSECS in 1972-1973. Furthermore, this

slope is consistent with the seasonal variation of surface water pCO_

observed at three geographical locations during the TTO/NA Expedition,

i.e. at Stations 43 and 234, Stations 127 and 172, and Station 124 and

208 (see Fig. 2). These seasonal variations are indicated in Fig. 3 by

three short lines connecting a pair of points. Therefore, it appears

that the mean slope for the Sargasso and Antilles Current trends is a

manifestation of the changes of pCO- in response to seasonal changes in

surface water temperature.

The effect of temperature on surface water pCO_ is regulated by

a) net CCL flux across the air-sea interface, b) the depth of surface

mixed layer, c) the residence time of surface water within an oceano-

graphic regime such as a current and gyre system, d) the rate and nature

of upwelling of deep water, and e) biological activities. To date, we

have investigated the relationship between the seasonal temperature

variation, the mixed layer depth, and the temperature effect on surface

water pCO~ in some details. We consider a case that 1) a chemically

homogeneous surface mixed layer of Z meters thick is totally isolated

from the underlying deep water; 2) this water exchanges CO with the

atmosphere of a constant pCCL, and the net C02 flux, F, can be described

4 2
by F = E«ApCO2, where E = 5.3X10 moles C0_/m .yr.atm (which is equiva-

2
lent of a currently accepted value of 16 moles C09/m .yr for the mean

global CO exchange flux (Peng et al, 1979)); 3) the surface water
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temperature changes seasonally as a sine function of time with a wave

length of 1 year; and 4) pCO_ in surface water of a constant alkalinity

can be described as a function of temperature and the total C0_ con-

centration by means of thermodynamic relationships using the apparent

dissociation constants of carbonic and boric acids and the solubility

of CO^ in seawater. One c^n readily see that, if the mixed layer

thickness is small (e.g. less than 1 meter), the mixed layer should be

always in equilibrium with the atmospheric CO- (which is assumed to be

constant) regardless of the temperature of water. Therefore, the

temperature effect on the surface water pCO_ should be zero. On the

otber hand, if the mixed layer is infinitely deep, the total C0? con-

centration in seawater should be constant with time, since the change in

the total C0~ concentration in a unit mass of seawater, ATCO«, is

inversely proportional to the mixed layer thickness Z (ATCO = F.At/Z,

where At is a time period considered). Therefore, the effect of tem-

perature on surface water pCO_ should be equal to that for an isochemi-

cal condition, which is known to be 4.3%pCO_/ C. The results of our

calculations show that, when the mixed layer thickness exceeds 100

meters, the annual mean temperature effect on surface water pCO. is

nearly equal to the isochemical value. If the mixed layer thickness is

30 meters, an annual mean temperature effect of 1.2%pC0?/ C is obtained,

and this is independent of the amplitude of seasonal temperature vari-

ations. On the other hand, the mixed layer thickness observed during

the TTO/NA study, April - October, 1981, in the North Atlantic (28°N-

58°N, where the surface water temperature ranged from 9.5 C to 27 C)

ranged from 20 to 90 meters, yielding a mean thickness of about 43

meters. The mixed layer thickness is expected to be greater in wintei
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time. Hence, the mean depth observed during the TTO/NA appears to be at

least 50% greater than the result of our model calculation. Therefore,

we are currently investigating the effects of deep water upwelling,

seasonal variation of the mixed layer thickness, and biological activities

on the pCO^-tenperature relationship.

We have also noticed in our model study that, as the surface water

temperature is changed sinusoidally above and below the mean tempera-

ture, the surface water pCO_ value varies above and below the atmospheric

pCCL value nearly in phase with the temperature change. On the other

hand, the total C0« concentration in seawater changes about 90 (or

three months) out of phase with the seawater pCO_ variation. This is

because the total C0_ concentration reaches a maximum or a minimum when

the ApCO value changes its sign thus causing a change in the direction

of net C0_ flux. Consequently, during a three-month period in a year,

the total C0~ concentration in seawater decreases as seawater pCO- rid

temperature increase, thus yielding a temperature effect on pCO~

smaller than the isochemical value. During a following three-month

period, the total C0_ concentration in seawater decreases as pCO_ and

temperature also decrease, thus yielding a temperature effect on pCO~

greater than the isochemical value. These out-of-phase effects give

rise to deviation of pCO_ values above and below the annual mean trend

for the pCO_-temperature relationship. This observation may account for

scatter of the observational data points (see Fig. 3) around the mean

trend.

The temperature effect of 4.3%pCO / C observed in the Norwegian-

Greenland Sea coincides with that for the isochemical condition. In the

eastern Norwegian Sea, where the TTO stations are located, there appear



11.134

to be two major sources for the surface water: 1) upwelling of the

Norwegian Sea deep water, and 2) inflow of the North Atlantic surface

water through the Faeroe Channel. The chemical composition of the

Norwegian Sea surface and deep water is listed in Columns 1 and 2 of

Table 1. Assuming that the N0_ concentration in a parcel of upwelled

deep water is reduced to the surface water value of 1.4 yM/kg by photo-

synthesis, the chemical composition of the biologically modified deep

water has almost the same composition and pCO~ as the surface water.

This means that, as long as the photosynthesis rate exceeds the rate

of upwelling (perhaps due to the long daylight hours in the Arctic

summer months), the chemical composition of surface water is little

affected by the upwelling of deep water, and thus is nearly conserved.

Accordingly, the temperature effect on sui ace water pCO~ tends to be

similar to that for the isochemical system.

The chemical composition of the saline North Atlantic surface water

flowing northward into the Norwegian Sea through the Faeroe Channel is

listed in Column 4. If this water cools, is diluted, and is modified

biologically to yield N0_ concentration of 1.4 viM/kg, its chemical com-

position is altered to that given in Column 5. Its alkalinity is similar

to, but its total CO- concentratir. is about 1.2% smaller than that for

the Norwegian Sea surface water shown in Column 1. Its pCO- at 8.3 C

is about 100 patm below the atmospheric value of about 330 yatm. The

net C0? uptake- rate at this ApCO- can be estimated to be about 18 pM

CO_/kg.month using the relationship presented earlier and the mixed layer

depth of 25 meters observed at the Norwegian Sea stations during TTO.

The chemical composition of the North Atlantic water, which has been

modified by photosynthesis and by C0_ uptake for a duration of one month



Table 1 Chemical composition of the Norwegian Sea surface and deep waters,the North Atlantic

surface water, and their modifications.

(1) (2) (3) (4) (5) (6)

Salinity

TALK

TALK+NO3

T C 0 2

N03

P°4
SiO^

0

PCO2

o/oo

jjeq/kg

Jieq/kg

uM/kg

jiM/kg

>!M/kg

>iM/kg

°C

uatm a t 9

jiatm a t 8.30°C

jiatm at -1.05°C

35.09

2323*

2324*

2066*

1.4*

0.23*

0.7*

8.30

251.4*

251.4

168.2

35.02

2308

2323

2162

15.5

1.03

13.2

-1.05

334.0

499.3

334.0

35.02

2322

2324

2069

1.4

0.15

0 .7

-1.05

177.4

265.2

177.4

35.2 A

2308*

2315*

2079*

7.0*

0.47

1.0*

10.46

316.9*

288.8

193.2

35.02

2314

2315

2042

1.4

0.12

0.7

10.46

253.1

230.7

154.3

35.02

2314

2315

2061

1.4

0.12

0 .7

10.46

279.1

254.3

170.1

V Normalized to the Norwegian Sea deep water salinity of 35.02 o/oo.

(1) Norwegian Sea surface water at Stn.144.
(2) Norwegian Sea deep waterat depths greater than 800 meters at Stn.144.
(3) Norwegian Sea deep water modified by biological consumption of P,N and C with the Redfield

ratio of 1:16:106. The nitrate concentration is reduced to that for the Norwegian surface
water value of 1.4 uM/kg.

(4) The North Atlantic surface water observed at Stn.142 located at the Faeroe Channel.
(5) The North Atlantic surface water modified by biological consumption of P,N and C.
(6) The North Atlantic surface water modified by biological consumption and CO- uptakefrom air.

H
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is listed in Column 6 and is found to be similar to that for the

Norwegian Sea surface water (Column 1). The duration of th<" air-sea

C0_ transfer time is assumed to be equal to the mean residence time of

the North Atlantic surface water in the Norwegian Sea, which has been

estimated on the basis of an estimated flow rate of 3 to 6 x 10 m /sec

for the North Atlantic surface water into the Norwegian Sea, the observed

summer mixed layer depth of 25 meters and the eastern Norwegian-Greenland

12 2
Sea area of 0.8 x 10 m . Thus, an amount of C0_ lost to photosynthesis

appears to be largely compensated by the uptake of C02 from the atmos-

phere. Accordingly, the observed temperature effect of 4.3%pCO_/ C may be

produced by an interplay ^f biological consumption of carbon and nutri-

ents and the uptake of C0_ by seawater from the atmosphere. The combined

effect appears to cause the surface water of the Norwegian Sea to behave

as though it is an isochemical system. The causes for a similar tem-

perature effect observed in the Labrador Sea are being investigated.

SECULAR CHANGE OF SURFACE WATER pCO2

The secular increase in the atmospheric C02 concentration has been

well documented since 1957 due mainly to the efforts of Keeling, Bacastow,

and their associates. The atmospheric CO- level has increased at a

mean rate of about 1 ppm/yr over the past 20 years, and this increase

accounts for about one half of the industrial CO_ emission rate. If

the oceans have taken up a portion of the industrial CO as postulated

or inferred by a number of investigators, the total CO- concentration in

seawater must have increased with time. According to Broecker et al

(1979), the present rate of increase is about 0.035% (or 0.7 uMCO?/kg) per

year. Yet, because of the small increase in the total CO- concentration
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anticipated from the uptake, this increase has not been experimentally demon-

strated because of the limited precision and accuracy of the total C02

measurements. On the other hand, a 1% increase in the total C0? concen-

tration would cause a 10% increase in pCO? in seawater, provided that

the alkalinity remains unchanged. Because of this ten-fold chemical

amplification, it should be possible, in principle, to observe experi-

mentally a secular increase in the surface water pCO_. In practice,

however, detection of secular increase in the surface water pCO« has

been difficult because of highly heterogenous distributions (or a high

level of natural noise) of the oceanic pCO~, resulting from localized

biological activities, complex surface current patterns, and other

oceanographic processes inherent to near surface conditions. The level

of natural noise far exceeds the precision of measurements, which is

represented by the size of data points in Fig. 3. In order to extract

a signal for secular change from the noisy distribution of surface water

pCO« values, we consider that the pCO_-temperature relationships such as

those illustrated in Fig. 3 can be effectively used.

Fig. 4 shows the pCO~-temperature relationship observed during the

GEOSECS North Atlantic Expedition in 1972-1973 and the trend observed

during the 1981 TTO program. The scarcity of the GEOSECS data points

at temperatures below about 17 C is mainly due to the temporary

unavailability of temperature data, but not the pCO_ data. The pertinent

temperature data exist and are being retrieved from the GEOSECS data bank.

As soon as these data become available, Fig. 4 will be revised. The

available GEOSECS data in the Sargasso Gyre yield a slope of about

i.2%pCO2/°C, which is consistent with the slope obtained for the TTO

data set. A seasonal change of 1.2%pCO2/°C was observed at a geographical
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The mean Car^asso trend observed during 1981-TTo/NA is also indicated.
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location (Station 30 in September, 1972; Station 119 in March, 1973) in

the Sargasso Sea. Thus, the slope of the Sargasso trend appears to be

constant over the years. Therefore, we consider that the displacement

of the Sargasso trend with time should be a measure of the secular

variation. In Fig. 4, the Sargasso trend line observed during the

TTO/NA Expedition is compared with the GEOSECS data. The TTO trend line

is displaced by about 10 viatm above the GEOSECS trend line, indicating

an increase in the mean surface pCO value for the Sargasso Gyre.

Furthermore, it should be noted that GEOSECS Stations 30 and 119 and

TTO/NA Stations 43 and 234 are located at the same geographical position

(31°45'N and 50°45'W) in the middle of the Sargasso Gyre, and the sea-

sonal trend line for the GEOSECS stations (see Fig. 4) lies about 13 uatm

below that for the TTO/NA stations (see Fig. 3). This further supports

the increase in surface water pCO? between 1972 and 1981.

During the IGY in 1957, about 20 sets of the surface water pC02 and

temperature measurements were obtained in the Sargasso Gyre (Takahashi,

1961). These IGY data yeild a mean surface water pC02 value approxi-

mately 30 patm below the GEOSECS value. The mean oceanic pCO , surface

water temperature, and atmospheric pCO~ values at the time of these

three investigations are listed in Table 2 and summarized in Fig. 5. The

oceanic pCO~ values presented in Fig. 5 show that they have increased with

time as a mean rate of 1.5 ± 0.5 patm/yr for the period 1957-1981. On

the other hand, the atmospheric pCO has increased at a mean rate of

about 1.0 yatm/yr during the same period. This indicates that the

Sargasso surface water pCO_ has increased at a similar rate as the

atmospheric C02. It is also shown in Table 2 and Fig. 5 that the

mean Sargasso surface water pCO- values in 1972-1973 and 1981 are on
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Table 2 Mean pCC_ values in the surface water of the Sargasso Gyre trend

Year

1957

1972

1981

Program

IGY

GEOSECS

TTO/NA

Mean Temp,
of Water

(°O

19.6*

19.6*

19.6

Mean pCO
in Seawater

(uatm)

273+3***

305+10

318+11

Atmospheric
CO- cone.**

(ppm)

313

328

339

Atmospheric

Pco2+
(uatm)

306

321

331

_*_/ Assumed to be the same as the TTO/NA mean value.

**/ Mean annual values (mole fraction of C0_ in dry air) observed at

Mauna Loa, Hawaii, by Bacastow and Keeling (1981).

***/This standard deviation is unrealistically small due to a limited

geographical range studied during the IGY Vema -13 Expedition.

+/ Computed using an assumption that the air is saturated with water

vapor (17.0 mmHg) at 19.6 C and that the barometric pressure is

1.000 atm.
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the average about 15 ± 10 uatm below the mean atmospheric pC09 values-

This suggests that the Sargasso surface water has been a net sink for

the atmospheric C0_. If the alkalinity in seawater is assumed to be

unchanged during this period, the observed increase in the surface

water pCO_ corresponds to an increase in the total CO_ concentration

of 0.9 ± 0.5 |iM CO2/kg yr, or 0.05 ± 0.03 %/yr. These values are

broadly consistent with the mean global rate of total C0_ concentration

increase (0.7 yM/kg yr or 0.035 %/yr) estimated by Broecker et al

(1979). Although the alkalinity in seawater has been measured during

the GEOSECS and TTO/NA Expeditions, no evidence for its change has been

found.

Implications of this new observation on the global carbon budget

and the fate of industrial CO. released into the atmosphere are presently

being investigated.

CONCLUSIONS

The distribution of the C0? partial pressure in surface water of

the North Atlantic has been summarized using the pCO -temperature

relationship. Four distinct trends have been identified: a) Sargasso

Gyre trend, b) Antilles Current trend, c) Norwegian-Greenland Sea trend,

and d) Labrador Sea trend. The first two trends have a temperature effect

of 1.2%pCO /°C, and the last two have that of 4.3%pCO2/°C. The latter

coincides with the effect of temperature on pCO_ in a closed system (i.e.

constant total C0_ concentration and alkalinity). The regional differences

in the depth of mixed layer, the rate of CO uptake by seawater, the

deep water upwelling, circulation and mixing pattern of surface waters,

and biological effects appear to cause the observed differences in the
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response of surface water pCO- on seasonal temperature changes.

A comparison of the Sargasso trend obtained during the TTO Expedi-

tion with those obtained during the GEOSECS program in 1972-1973 and the

IGY program in 1957 shows that the surface water pCO? has increased at a

mean rate of 1.5 ± 0.5 yatm/yr, a similar rate of increase for the

atmospheric CO concentration. If the alkalinity in surface water is

assumed to be unchanged during this period, the observed increase in

pCO2 indicates that the total C02 concentration in the Sargasso surface

water has increased at a rate of 0.9 ± 0.5 pM/kg yr, or 0.05%/yr. This

observation represents a direct evidence for the oceanic uptake of the

industrial C0_ released into the atmosphere.
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TECHNICAL SESSION 1

TRANSIENT TRACERS IN THE OCEAN

Rapporteur: Edmund Larson

The Transient Tracers in the Ocean (TTO) program was discussed by Peter

Brewer of the Ocean Sciences Division of the National Science Foundation.

He reported on the present state of this effort to better understand the

ocean circulation, the role of the oceans in climate change, and the ocean's

uptake of carbon dioxide.

The purpose of this work is to find answers to several questions

regarding the role of the ocean in the carbon cycle: What is the physical

basis for the ocean's annual uptake of about half the CO2 input to the atmo-

sphere? What is the actual magnitude of the uptake? Will uptake continue

at this rate and quantity? What is the regional distribution of this up-

take? How much total carbon is in the ocean, and what is the ocean's

maximum capacity for carbon?

The limiting factor in ocean uptake of CO2 is not the large exchange of

CO2 between the atmosphere and the surface layer but the rate at which the

surface water is circulated to the deep ocean.

Information about the history of CO2 input into the atmosphere may also

be obtained from the oceans. If the deep waters of the ocean were once at

the surface, and thus exposed to the atmospheric CO2 le/el, and if a well-

defined circulation can be found that takes this water deep into the ocean,

then the CO2 content along this pathway will reflect the atmospheric content

back in time. Corrections for respiration and carbonate (CaC03) dissolution
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must be made however. The pre-industrial level of CO2 in the atmosphere may

then be estimated, which will allow the anthropogenic input to be better

quantified.

Two sets of experiments have been performed thus far in the North

Atlantic Ocean. The GEOSECS project in 1972 studied seawater properties and

the tracer tritium (3H), which is present from nuclear weapons testing in

the atmosphere. The atmospheric input of ^H peaked in 1962, also the peak

year of bomb testing. In 1981 a TTO cruise followed the same path as the

GEOSECS 1972 cruise. The TTO project measured ocean salinity, alkalinity,

temperature, density, oxygen level, nutrient content, and five tracers: l^C,

3H, 3He, 85Kr, and 39Ar.

The 1972 profiles of % illustrate a ten-year penetration of the ocean

by this proxy for CO2. Comparisons of 1972 and 1981 vertical and latitu-

dinal profiles of 3 H show a decrease in the surface concentration over the

decade and deeper penetration of the tracer into the ocean.

Many values for other tracers and quantities were presented. Familiar

currents in the ocean were visible in the data for some tracers. Surface

contours of alkalinity, CO2, and CO2 partial pressure were shown. Some

features of surface circulation were visible. Latitudinal profiles of

salinity, potential temperature, CO2, and alkalinity also were presented

among other results.

The most surprising result was the akoearance of a freshening in the

1981 data. This reduction in salinity was not observed before, and no

explanation for it has yet been developed. The hypothesis that it is due to

melting sea ice is probably too simple.
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There are still many sources of error in the use of tracers in the real

ocean. Respiration and CaC03 dissolution raise the CO2 content of sub-

surface water and must be corrected for. The CO2 content of surface water

varies with location and is not in equilibrium with the atmosphere. Carbon

dioxide enters sub-surface water from numerous sources and mixing occurs on

all scales, further smearing the identity of a given parcel of water. All

of these processes introduce errors into the calculations.

Several points were raised in the discussion following Dr. Brewer's

presentation. One was the possibility of seeing the anthropogenic CO2

signal in the oceans in ten years, since the e-folding time for CO2 is 20

years.

Ocean model results presented for % show pretty good agreement with

the observed data. The details of the profiles are not identical, but the

penetration depth is right.

Work is just beginnning on the use of 39^r tracer. Some results of

Freon tracers were also presented. The advantages of Freon tracers are that

the input function is exponential with time, unlike the peaked input of ^H,

and that, like CO2, they are uniformly mixed in the atmosphere. Vertical

profiles were presented and match model calculations nicely for penetration

by vertical diffusion. The other results agree well with the ^H profiles.

More tracer data will be collected in the future, in the North Atlantic

and other oceans. Future work will increase the progress already made in

understanding the role of the oceans in the carbon cycle.
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Abstract

The study of the possible climatic changes induced by increased C0_ levels

is considered with a focus on the use of mathematical models of the earth's

climate system. The characteristics of three different types of mathematical

climate model are described with an emphasis on the general circulation model

(GCM). Two types of simulation of the CO -induced climatic changes are de-

scribed and attention is focused on the equilibrium simulations of eight GCHs

for both doubled and quadrupled C0_ concentrations. The characteristics of these

GCMs and their simulations are summarized in tables, as are the characteristics

and simulations performed with the simpler energy balance and radiative-convective

models (EBMs and RCMs). The latitude-height distributions of the zonal-mean

temperature change, and the geographical distribution of the change in surface

air temperature, that have been simulated by the GCMs c*re compared, as are the

zonal- and global-mean surface air temperature changes. The latter are also

compared with the corresponding temperature changes simulated by the EBMs and

RCMs. The geographical distributions of the CO_-induced changes in the precipi-

tation rate and soil moisture that have been simulated by the GCMs are compared,

as are the corresponding zonal- and global-mean quantities. These comparisons

reveal similarities and differences among the GCM simulations, and some possible

explanations for these differences are presented. It is suggested that it is

premature to draw firm conclusions based on these comparisons because of the

differences in the GCMs1 geography/orography, ocean models and solar forcing,

and because for the simulations which can be compared either equilibrium has

not been reached, or the simulated climate changes are not all statistically

significant. Recommendations are made which should help to reduce these com-

parison problems and, thereby, promote increased confidence in the models'

simulated CCU-induced climatic changes.
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1. Introduction

Measurements taken at Mauna Loa, Hawaii since 1958 and at other loca-

tions show that although carbon dioxide (CCU) makes up only about three

hundreths of one percent of the earth's atmosphere by volume, its concentra-

tion has been increasing (Bolin and Bischoff, 1970; Keeling et at., 1976a,b

and Keeling and Bacastow, 1977). A recent study (Rotty, 1982) indicates

that the CO- concentration increased from 1860 to 1973 due to a nearly-

constant 4.6% per year growth in the consumption of fossil fuels (gas, oil,

coal), and is continuing to increase due to the diminished 2.3% per year growth

in fossil fuel consumption since 1973. Projections of the future usage of

fossil fuels predict that the CCL concentration may reach double the 1860

value of about 295 parts per million by volume (ppmv) sometime in the next

century (Baes Q± at., 1976; Keeling and Bacastow, 1977; Rotty and Marland,

1980), and could eventually peak at 8 to 10 times the pre-industrial level

early in the 22nd century (Council on Environmental Quality, 1981).

As the C0_ level increases, less of the temperature-dependent infrared

radiation emitted by the earth can escape through the atmosphere to space,

while the amount of solar radiation absorbed by the earth is almost unchanged.

It is to be expected that this so-called greenhouse effect will result in a

warming of the average temperature of the earth such that a balance between

the solar heating and infrared cooling will be restored. However, it is also

to be expected that the temperature change at any location may be higher,

lower, or even of opposite sign from the average, and that there may be con-

committant changes in other climatic elements such as precipitation and

soil moisture. The question of the possible climatic effects of increased atmo-

spheric CO- has in recent years received more attention than any other global

anthropogenic effect (National Academy of Sciences, 1976, 1977, 1979, 1982;
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Council on Environmental Quality, 1981). Much of this interest steins from

the potential impacts that a significant climate change could have on agri-

cultural production and energy-use practice, and hence on the patterns of

global economics.

One approach to estimate what the climate of a future warmer earth might

be like is the analog method. In the analog method the seasonal and regional

patterns of past warm clin.ates are used to construct scenarios for a future

warm climate (Kellogg and Schware, 1981). An advantage of this method is that

the scenarios represent "surprise-free" projections (Kahn et al., 1976) in the

sense that the)' are based on warm climates that have actually existed. A

disadvantage of the method is that the quality of the reconstructions of past

climates, which are based on proxy data such as tree rings and ice cores,

decreases with increasing time before the present. Also, it is not possible

to reconstruct all of the elements of climate that may be of interest. More

importantly, the causes of most of the earth's past warm climates are not

known, and it is likely that not all were the result of elevated levels of

atmospheric CCU. Consequently, a future CC^-induced warmer climate may dif-

fer substantially from the "surprise-free" scenarios based on past warm cli-

mates.

Another approach to estimate what a CO2-induced climate change might be

like is the physical method. In the physical method the behavior of the com-

ponents of the earth's climate system, namely the atmosphere, oceans, snow

and ice, vegetation (biomass) and land surface (Fig. 1), is determined on a

physical basis from the fundamental laws of nature such aj the conservation

of energy. These physical laws are expressed mathematically to form a

mathematical climate model. The advantage of such a model is that it can be

used to simulate, in a physically-consistent manner, not only the present
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climatic system, with some examples of physical processes respon-
sible for climate and climatic change. (Source: Gates, 1979.)
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climate but also how that climate would change in response to a change in

some "external" forcing such as in the energy received from the sun or in

the composition of the atmosphere. A disadvantage of the physical method

is the inherent inability to construct a model which has perfect similitude

to the actual climate system.

The object of this paper is to formulate and describe the current issues

attending the physical method in the study of possible COj-induced climatic

change. To this end an elaboration of mathematical climate models is given

in the next section. This is followed in Section 3 by a comparison of the

results of these models for the climatic change resulting from increased

levels of atmospheric C02- Section 4 then describes the issues that are

raised by that comparison, and Section 5 contains recommendations for re-

solving those issues.
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2. Mathematical Climate Models

Several types of mathematical climate model have been developed which

differ in the comprehensiveness of their treatment of the climate system com-

ponents. Individual models of the climate model hierarchy can be classified

broadly as either thermodynamia or kydrcdynamie models. Thermodynamic cli-

mate models explicitly predict temperature but either ignore the motion field

and its influence on the temperature, or incorporate that influence in a

highly simplified and approximate way. Hydrodynamic climate models explicitly

predict both the temperature and the motion fields and their mutual inter-

actions. Hydrodynamic climate models therefore allow conversion between the

two forms of energy - the total potential energy which is proportional to the

temperature, and the kinetic energy which is proportional to the square of

the velocity - while thermodynamic climate models do not. In the following

we describe the characteristics of two thermodynamic climate models, the

energy balance and radiative-convective models (EBMs and RCMs), and one hydro-

dynamic model, the general circulation model (GCM).

2.1 Energy balance models (EBMs)

In their simplest "zero-dimensional" formulation EBMs determine the

effective radiating temperature of the planet T from the radiative equili-

brium condition that the infrared radiation emitted by the earth to space,

e al'Mira2, equals the solar radiation absorbed by the earth, S(l-a )ffa2.

Here aT1* is the infrared radiation per unit area that would be emitted by

the planet if it were a blackbody radiator, with a the Stefan-Boltzmann con-

stant; 4ira2 the surface area of the planet, with radius a; e the effective

emissivity of the planet; S the solar radiation per unit area at the top of

the atmosphere (insolation), rra2 the cross sectional area of the planet; and
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(1-a ) the planetary absorptivity, with a the albedo (reflectivity). If

the earth emitted as a blackbody; e would be unity and T = -18.6°C which

is considerably colder than the observed global-mean surface air temperature

of 14.2°C. This warmer temperature is the result of the effects of the

infrared-absorbing gases of the atmosphere (and clouds), i.e., the greenhouse

effect, which yields e = 0.6. The value of e thus depends on the composi-

tion of the atmosphere and must be determined by EBMs. The planetary albedo

is frequently made a function of the size of the polar icecap through a pre-

scribed dependence of a on T . In one-dimensional EBMs the north-south

P P

(meridional) distribution of temperature is determined by including a simpli-

fied, semi-empirical formulation for the effective meridional transport of

heat by the motion fields of the atmosphere and ocean; however, as noted

earlier, neither of these motion fields is determined by EBMs. (For further

information see the review article by North et at. 1981.)

2.2 Radiative-convective models (RCMs)

Radiative-convective models determine the equilibrium vertical temperature

distribution for an atmospheric column and its underlying surface for given in-

solation and prescribed atmospheric composition and surface albedo. An RCM in-

cludes sub-models for the transfer of solar and terrestrial (infrared) radia-

tion, the turbulent heat transfer between the earth's surface and atmosphere,

the vertical redistribution of heat within the atmosphere by dry or moist

convection, the atmospheric water vapor content and clouds. The radiative

transfer models used in RCMs are frequently identical to those used in GCMs.

The surface heat exchange is treated either as an equivalent radiative ex-
2

change, or is parameterized as a Newtonian exchange with prescribed transfer

2
The treatment of physical processes whose characteristic size is smaller
than the smallest size resolved by a model.
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coefficient. The vertical heat redistribution by convective atmospheric

motions is modeled as an adjustment whereby the temperature lapse rate of the

atmosphere is prevented from exceeding some given value. The amount of water

vapor is determined in RCMs either by prescribing the absolute humidity or

the relative humidity; in the latter case the amount of water vapor increases

[decreases) with increasing (decreasing) temperature. Finally, the fractional

cloudiness and either the temperature or altitude of the cloud tops are pre-

scribed. (See the review article by Ramanathan and Coakley, 1978.)

2.3 General circulation models (GCMs)

The principal prognostic variables of an atmospheric GCM are the tempera-

ture, horizontal velocity and surface pressure which are governed respectively

by the thermodynamic energy equation, the horizontal momentum equation and the

surface pressure tendency equation. With the mass continuity equation and the

hydrostatic approximation, and appropriate boundary conditions, these equations

form a closed system for an adiabatic and frictionless atmosphere. But the

general circulation of the atmosphere is the large-scale, thermally-driven

field of motion in which there are interactions between the heating and motion

fields. Therefore, several additional prognostic variables, witli corresponding

governing equations and appropriate boundary conditions, must be added to simu-

late the heating. Of these, the most important is the water vapor which is

governed by the water vapor continuity equation. Because the atmosphere is

largely heated by the underlying surface through the exchange of sensible

and latent heat, and because snow lying on the ground can have a large in-

fluence on the surface albedo, the ground temperature, soil moisture and

mass of snow on the ground are prognostic variables, governed by energy,

Variables whose time rates of change of magnitude are determined by
the governing equations.
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water and snow budget equations for the ground. In addition to the prog-

nostic variables, GCMs have many diagnostic variables , among which clouds

may be one of the more important. A summary of the prognostic and diagnostic

variables in GCMs is given in Table 1.

TABLE 1. THE PRINCIPAL PROGNOSTIC AND DIAGNOSTIC VARIABLES

IN ATMOSPHERIC GENERAL CIRCULATION MODELS

Prognostic Variables Diagnostic Variables

Surface pressure Vertical velocity

Temperature Geopotential height

Horizontal velocity3 Density

Water vapor concentration Clouds

Soil temperature Surface albedo

Soil moisture

Snow mass

In spectral models (see below) the vertical component of
vorticity and the horizontal divergence replace the hori-
zontal velocity as the prognostic variables, and the latter
are determined diagnostically from the former.

These quantities are prescribed in some models.

The governing equations of GCMs are nonlinear, partial differential

equations whose solution cannot be obtained except by numerical mathematical

methods on the fastest computers. These numerical methods subdivide the atmo-

sphere vertically into discrete layers wherein the variables are "carried"

and computed (Fig. 2). For each layer the horizontal variations of the pre-

dicted quantities are determined either at discrete grid points over the

earth as in the grid point (finite difference) models (Fig. 3), or by a finite

number of prescribed mathematical functions as in the svectral models. The

4
Variables whose magnitudes are determined by the governing equations.
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CT = 1
Earrh's surface, p = p_, <f - 0 ,

Fig. 2. The vertical structure and principal variables of the
Oregon State University (OSU) two-level atmospheric

i d l H ( ) / ( )
g

general circulation model. Here a =
h (

-PT)general circulati ( P P T ) / ( P S P T )
where p is pressure, pT the (constant) pressure at the
model top and ps the (variable) pressure at the earth's
surface, u and v are the eastward and northward velocity
components, T the temperature, <f> the geopotential, q the
water vapor mixing ratio, S and R the solar and terrestrial
radiation at the top of the model atmosphere (subscript o)
or at the earth's surface (subscript s), ap and as the
planetary and surface albedos, Q and F the diabatic heating
and friction, Hs the surface sensible heat flux, P the
precipitation rate, Es the surface evaporation rate, and
GW the ground wetness. CLj - CL4 denote the model's cloud
types. (Source: Schlesinger and Gates, 1979.)
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Fig. 3. The surface elevation of the continents ^102m), ;md the distri-
bution of land and ocean as resolved by the 4°-latitude, 5°-
longitude grid of the OSU atmospheric GCM. For clarity the
continental grid points are not shown. (After Schlesinger and
Gates, 1981a.)
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values of the predicted variables for each layer (including the surface) and

grid point (or mathematical function) are determined from the governing equa-

tions by "marching" (integrating) forward in time in discrete steps starting

from some given initial conditions (Fig. 4). To prevent the solution from

becoming numerically unstable the time step must be made smaller than a value

which depends on the speed of the fastest-moving disturbance (wave), the size

of the grid (or smallest-scale mathematical function), and the integration

method.

The spatial resolution of GCMs is constrained for practical reasons by

the speed and memory capacity of the computer used to perform the numerical

integrations. Increasing the resolution not only increases the memory required

(linearly for vertical resolution and quadratically for horizontal resolution),

but also generally requires a reduction in the integration time step. Conse-

quently, the computer time required increases rapidly (nonlinearly) with in-

creasing resolution. Contemporary GCMs have from two to about nine vertical

layers, a horizontal resolution of a few hundred kilometers, and a time step

ranging from 10 to 40 minutes. These models require from one-half minute to

a few minutes to simulate one day on a fifth-generation computer such as the

CRAY 1 and LYEF.R 20S.

Due to their limited spatial resolution GCMs do not resolve several

physical processes of importance to climate. However, the effects of these

subgrid-soale processes on the scales resolved by the GCM are incorporated

in the model by relating them to the resolved-scale variables themselves.

Such a relation is called a parameterization, and is based on both observa-

tional and theoretical studies. The subgrid-scale processes that are pa-

rameterized are shown in Table 2.
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Fig. 4. Sequence of time steps in the time integration of equations of

the form -^ = D(i/0 + S O ) in the OSU atmospheric GCM. Here fy

is any prognostic variable; ~ the time rate of change of ij; at

a fixed location; S(iJ;) the source term, e.g., the hfating term

in the thermodynamic energy equation; and D(iJ;) all other terms,

including the transport by the motion field. The caret (~)

refers to the predictor estimate of the Matsuno integration

scheme, the single prime (') to the corrector estimate of the

Matsuno scheme and to the leapfrog scheme estimate, and the

tilde O ) refers to the estimate before the source terms are

added. The time step At^3 = 6At and At = 10 minutes. (After:

Ghan et al., 1982.)
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TABLE 2. SUBGRID-SCALE PROCESSES THAT ARE PARAMETERIZED

IN ATMOSPHERIC GENERAL CIRCULATION MODELS

Turbulent transfer of heat, moisture and momentum between the earth's
surface and the atmosphere

Turbulent transfer of heat, moisture and momentum within the atmo-
sphere by dry and moist (cumulus) convection

Condensation of water vapor

Transfer of solar and terrestrial radiation

Formation of clouds and their radiative interaction

Formation and dissipation of snow

Soil heat and moisture physics

To simulate climate and climate change with an atmospheric GCM it is

necessary to prescribe certain parameters and boundary conditions as shown

in Table 3. For the earth it is also necessary to include the ocean and

TABLE 3. THE PRESCRIBED PARAMETERS AND BOUNDARY CONDITIONS

IN ATMOSPHERIC GENERAL CIRCULATION MODELS

Radius, surface gravity and rotation speed of the planet

Solar constant and orbital parameters of the planet

Total atmospheric mass and composition

Thermodynamic and radiation constants of the atmospheric gases and clouds

Surface albedo

Surface elevation

ice components of the climate system (Fig. 1). How this is done depends on

whether the purpose of the simulation is to test (validate) the atmospheric

GCM or to simulate a climate change.
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To validate an atmospheric GCM it is possible to treat the sea surface

temperature (SST) and sea ice thickness as given boundary conditions rather

than as prognostic variables of the climate system. Then., since it is the

ability of the GCMs to simulate climate change which is of interest, and

since the seasons are the best documented climate changes, the seasonal per-

formance of the models can be evaluated from a simulation in which the SST

and sea ice distributions are taken equal to their observed values. This has

been done most frequently by simulating single winter and summer months,

usually January and July, and comparing the simulated atmospheric variables

with their observed counterparts. (See for example Global Atmospheric

Research Program, 1979; Schlesinger and Gates, 1979; Shukla et al.3 1981;

and Pitcher et at., 1982.) The seasonal performance of several models has

also been determined from extended integrations over more than one annual

cycle wherein the SST and sea ice distributions are prescribed to repeat their

observed annual cycles (Manabe et at., 1979; Schlesinger and Gates, 1981b;

Hansen et al.3 1982). The ability of an atmospheric GCM to simulate a climate

different from that of the present has also been evaluated by prescribing the

SST and sea ice distributions equal to those which have been reconstructed

for the most recent ice age (the Wisconsin glacial period 18,000 years ago),

along with the different geography of land, ocean and continental ice sheets,

and comparing the simulated surface air temperature with the temperature field

reconstructed from fossil pollen and other periglacial evidence (Gates, 1976a,b).

These validation studies show that atmospheric GCMs are capable of simulating

many of the characteristic differences between the present summer and winter

climates, and between the present interglacial climate and its glacial ante-

cedent.

To simulate a climate change such as that which may be induced by
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elevated CO? levels, however, it is not possible to treat the sea surface

temperature and sea ice distributions as given boundary conditions. To do so

would, as illustrated later, proscribe the response of the climate system by

preventing the interaction and feedback among the atmosphere, ocean and ;ea

ice components. Consequently, atmospheric GCMs have been covcpled with dif-

ferent ocean and sea ice models, and these models also form a model hierarchy

wherein the individual models may be classified as either thermodynamic or

hydrodynamic models.

The simplest thermodynamic ocean/sea ice model is one in which both the

heat storage and heat transport of the ocean are ignored and the SST is diag-

nostically determined such that the net energy exchange at the air-sea inter-

face is zero (Manabe, 1969a; Manabe and h'etherald, 1975). This model is called

a swamp model because of its similarity to perpetually wet land. In a swamp

model the existence of sea ice is predicted whenever the SST is below the tem-

perature at which sea water normally freezes. It is not desirable to include

either the diurnal or annual solar cycles in a simulation with a coupled

atmospheric GCM/swarr.p ocean model because the absence of oceanic heat storage

would result in the freezing of the ocean in the nighttime hemisphere and in

the region of the polar night.

To permit simulations of climate and climate change with the annual and

diurnal cycles included, atmopsheric GCMs have been coupled to slab models of

the uppermost layer of the ocean, the oceanic mixed layer, wherein the tempera-

ture is relatively uniform with depth. In slab models a fixed depth of the mixed

layer is prescribed such that the simulated annual cycle of SST, and therefore

of the heat storage, is in close agreement with the observed annual cycle

(Manabe and Stouffer, 1980). In this type of thermodynamic model the sea ice

v-.ickness is predicted based on a thermodynamic energy budget which includes

-.-': z::jr:ulation of snowfall, sea water freezing, and ice melting and sublimation.
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Because the fixed depth of the slab model is chosen to reproduce a peri-

odic climate change (the annual cycle), while it is likely that a climate change

induced by rising CO- (and other forcing mechanisms) will be secular, it is

desirable to have models of the mixed layer in which the depth is a prognostic

variable. Such a variable -depth mixed layer model has been coupled to an

atmospheric GCM and tested in a 16-month simulation (Pollard, 1982a). In this

model the horizontal heat transport as well as the heat storage is included

through the hydrodynamic prediction of the mixed layer currents, while the sea

ice thickness is determined thermodynamically as described above. An extension

of this hydrodynamic ocean model has been made in which the depth, temperature

and currents of the seasonal thermocline are predicted, as well as the corres-

ponding quantities for the mixed layer (Pollard, 1982a).

Although the hydrodynamical models of the upper ocean include the storage

and horizontal transport of heat, they do not include the vertical transport of

heat associated with the large-scale upwelling and downwelling of water. However,

this vertical heat transport is of particular importance in the heat budgets of

the equatorial and polar seas. For this reason models of the general circula-

tion of the ocean have been developed which are the dynamical counterparts to

the atmospheric GCMs. In oceanic GCMs the prognostic variables are the tem-

perature, horizontal currents and salinity, and the diagnostic variables include

density, pressure and the vertical velocity. There are subgrid scale processes

which must be parameterized in ocean GCMs, including the turbulent transfers of

heat, momentum and salt in both the vertical and horizontal directions, and

parameters and boundary conditions similar to those of Table 2 which must be

prescribed. The solution of the governing equations is obtained numerically

The layer immediately beneath the mixed layer wherein the temperature de-
creases with depth.
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in a manner similar to that used for atmospheric GCMs. The ocean is subdivided

vertically into layers and horizontally into grid boxes, and the predicted quan-

tities are determined as a function of time by numerical integration (Fig. 4).

Oceanic GCMs have been tested by prescribing either the air-sea fluxes of heat,

momentum and water, or the state of the atmosphere (WMO, 1977). Oceanic GCMs have

also been coupled with atmospheric GCMs, and simulations have been performed to

validate these coupled or joint GCMs (Mans.be, 1969b; Bryan, 1969; Wetherald and

Manabe, 1972; Manabe et al.y 1975; Bryan et at., 1975; Manabe et at., 1979; Wash-

ington et at., 1980). In all but one of these joint GCMs (Washington et al.,

1980) the transport of sea ice by the upper ocean currents was included in the

thermodynamic sea ice model, but the life cycle of ice leads and their effects

were uniformly ignored. These have been predicted in a dynamic sea ice model

(Hibler, 1979), but not yet in association with a coupled GCM.

To validate a coupled atmosphere-ocean-sea ice GCM it is possible to treat

the remaining components of the climate system - the biomass, land ice and land

(Fig. 1) - as given boundary conditions in a manner similar to that used in the

validation of atmospheric GCMs alone. Whether any one of these climate system

components can also be regarded as known in the simulation of climate change

with the coupled GCMs depends on its characteristic time scale relative to that

for the climate change. Only in the case when the time scale for the climate change

is much less than that for the climate system component can that component be

regarded as constant. For example, it is reasonable to assume that the geo-

graphy of the land, ocean and land ice will not change sufficiently in the next

50 years due to increased C0_ to warrent its inclusion in coupled GCMs as a

predicted quantity. That is, it is not likely that the West Antarctic ice sheet

will surge in the next 50 years which would result in a rise in sea level and

Open water lanes within the sea ice pack.
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flooding of low-lying coastal regions. However, a similar assumption regarding

the biomass component seems unjustified. Ironically, several models have been

developed for land ice (for example, Sergin, 1980; Pollard, 1982b), albeit none

has yet been included in a coupled GCM, but very little attention has been

devoted toward the development of a completely interactive biomass model

wherein, for example, old forests perish and new ones grow in response to a

changing climate.
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3. Comparison of Model Simulations of CCL-Induced Climatic Change

The climate change induced by increased atmospheric carbon dioxide has

been simulated by models of each of the types described above. Reviews of

these simulations have been given by Schneider (1975), the National Academy

of Sciences (1979, 1982), Watts (1980), Gates (1980a,b), and Kellogg and

Schware (1981). The principal simulations are summarized in Table 4 in

terms of the models' basic characteristics. As described below, two types

of study have been performed with these models, an eqwiVibviwn study and a

nonequilibrium study.

In an equilibrium study a control simulation is made with a fixed CCU

concentration (typically 300 ppmv), and an experiment simulation is made with

another fixed CCU concentration. Both the control and the experiment are

run sufficiently long to achieve their respective equilibrium climates as

illustrated in Fig. 5. The object of most equilibrium studies is to determine

what the change in the climate would be if the CO- concentration increased

to some constant value and the climate system reached c new equilibrium for

that higher C02 level; however, the time required to attain that new equili-

brium has not been ascertained from the equilibrium simulations. As shown

in Table 4, equilibrium simulations have been performed for elevated experiment

CO- concentrations which are double (2xCCL), quadruple (4xC02) and ten times

(IOXCO-) their control values. The 2xC0_ simulations have been made because,

as noted in the Introduction, it is projected that the CO- level will reach

twice the pre-industrial value sometime in the next century. The 4xC0_

and IOXCO simulations with GCMs have been made not because such large increases

are foreseen, but rather to increase the statistical significance of the results.

In GCM simulations, as in nature, there is an inherent variability for any

time-averaged quantity, even though the climate is unchanged. This natural



TABLE 4. A CLASSIFICATION OF THE SIMULATIONS OF CLIMATIC CHANGES INDUCED BY CHANGES IN THE ATMOSPHERIC CO-> CON-
CENTRATION. THE MODELS' CHARACTERISTICS ARE SHOWN BY THREE SETS OF THREE SYMBOLS EACH. THE FIRST SET
SHOWS THE DOMAIN: (VERTICAL, LATITUDE, LONGITUDE). THE SECOND SET SHOWS: (LAND-OCEAN DISTRIBUTION,
TOPOGRAPHY, OCEAN-TEMPERATURE MODEL). THE THIRD SET SHOWS: (HUMIDITY MODEL, CLOUD MODEL, INSULATION).
THE SYMBOLS FOR EACH OF THESE NINE CHARACTERISTICS ARE DEFINED AT THE BOTTOM OF THE TABLE. THE SIMULATED
SURFACE AIR TEMPERATURE CHANGE AVERAGED OVER EACH MODEL'S HORIZONTAL DOMAIN (UNLESS OTHERWISE NOTED), AND/OR

o THE SIMULATED LAG TIME (TIME REQUIRED FOR TEMPERATURE CHANGE TO REACH THE EQUILIBRIUM TEMPERATURE CHANGE) ARE
ALSO GIVEN. THE NUMBERS (1) THROUGH (34) FOLLOWING THE CITATION ARE SHOWN IN FIG. 20 FOR REFERENCE.

Ty|»e of
*i_i1ul Inn

bquilibriua
Halving

„

F.qui llbriua
Doubling
(2x)

Energy Balance Models={!;B.Ms)

Holler (1963) (1)
(S.N.N), (N.N.N), (B.II.A), -1.5 to -10.0°C

Rasool and Schneider (1971) (4)
(P.N.N), (N.N.N), (B.II.A). -0.6 to -0.7oC

Sellers (1973) (5)
(P.C.N). (I.N.F). (R.F.S), -1.0'C

Sellers (1974) (6)
(P.G.N), (l.N.F), (R.F.S), -1.6-C

Weare and SneM (1974) (7)
(P.N.N), (N.N.N), (R.P.Ai/ -0.7'C

Te»kin and Snell (1976) (11)
tt.H.N), (I.N.N), (R.P.A), -1.3*C

Holler (1963) (1)
(S.N.N), (N.N.N), (B,II,A)£ l.S to 9.6°C

ftasool and Schneider {1971) (4)
(f.N.N), (N.N.N), (B.II.A). 0.6 to 0.8°C

Sellers (1973) (5)
(P.C.N). ti.N.F). (R.F.S). 0.1°C

Sellers (1974) (6)
(P.G.N). (I.N.F), (R.F.S), 1.3°C

Weare and Snell (1974) (7)
(P.N.N), (N.N.N), (R.P.A.). 0.7aC

Schneider (1975) (10)
(P.N.N), (N.N.N), (R.II.A), 1.5°C

Radiative-Convective Models (UCMs)

Manabc and Wethevald (1967) (2)
(ll.N.N), (N.N.N). (B.II.A), -1.3 to -2.3T.

Manabc and Ketherald (1967) (2)
(ll.N.N). (N.N.N). (B.B.A). 1.3 to 2.9°C

Manabe (1971) (3)
(U.N.N), (N.N.N), (R.ll.A), 1.9°C

Ramanathan (197S) (<•>)
(ti.N.N), (N.N.N), (R.II.A). 1.5°C

Augustsson and Ramanatlian (1977) (12)
(U.N.N), (N.N.N), (R.C.A). 2.0 to 3.2°C

Rowntrce and Walker (1978) (15)
1U.N.N), (N.N.N), (R.H.A), 1.4 to 2.7°C

Hummel and Reck (1979) (17)
(ll.N.N), (N.N.N), (R.H.A), 1.9 to 2.6°C

General Circulation Models (GCMs)

Potter (1978, 1980) (13)
(U.G.Z). (I.I.F), (P.P.A). -0.8°C (N. Hem.)

Manabe and Wetherald (1975) (8)
(U.II.S). (I.N.S). (P.F.A). 2.9OC

Potter (1978, 1980) (13)
(U.G,^), (I.I.F), (P.P.A), 2.3°C (N. Hem.)

llansen (1978; see NAS, 1979 and Kellogg
and Schware, 1981) (14)

(U.G.G), (R.R.F). (P.P.S), 3.5V

llansen (1979; see NAS, 1979 and Kellogg
and Schware, 1981) (16)

(U.fi.G), (R.R.S). (P.P.A). 3.9eC

Manabe and Wetherald O980) (24)
(U.II.S), (I.N.S), (P.P.Aj. S.O°C

M

S3



TABLE 4 (CONTINUED).

Type of
Simulation

Equilibrium
Doubling

(continued)

fcquilibrium
Quadrupling

Energy Balance Models (EBMs)

Tenkin and Snell (1976) (11)
(P.H.N). (l.N.N). (R.P.A). 1.7°C

MacDonald et al. (1979) (19)
(P.G.N). (N.N.N). (E.E.A), 2.4°C

Ramanathan et al. '1979) (21)
(P.H.N), (N.N.F), (.~,H,S), 3.3°C

Newell and Doptlick (1979) (22)
(S.N.N,) (I.N.N), (A.B.J), <0.3°C (tropics)

Hoffert et al. (1980)
(P.N.N), (I.N.D), (R.tl.A), lag time depends
on prescribed ratio of temperature
changes in polar sea and surface mixed layt

Idso (1980) (23)
(S.N.N), (I.N.N), (A.T.A), <0.30C

Kandel (1981) (27)
(S.N.N). (N.N.N), (G.E.A), 0.7 to 8.8°C

Schneider and Thompson (1981)
(P.G.N). (I.N.D), (R.F.A), lag time
varies with latitude with minimum in
tropics

Rasool and Schneider (1971) (4)
(P.N.N), (N,N,N), (B.H.A), 1.1 to 1.3°C

hfeare and Snell (1974) (7)
(P.N.N). (N.N.N), (R.P.A). 1.1°C

Tempkin and Snail (1976) (11)
(P.H.N), (I.N.N), (R.P.A), 2.6"C

Radiative-Convective Models (RCMs)

Hunt and Wells (1979), Hunt (1S81) (i8)
(U.N.N). (N.N.P). (R.H.S), 2.0°C

Hansen et al. (1981) (26)
(U.N.N), (N.N.D), (R.T.A), 2.8°C

Ramanathan (1981) (29)
(U.N.N), (N.N.U), (R.H.A), 2.3°C

Hall et al. (1982) (31)
(T.N.N), (N,N,N), (R.N.A), 2.4°C

r

Augui'tsson and Ramanathan (1977) (12)
(U.N.N), (N.N.N), (R.II.A). 4.4°C

General Circulation Models (GCMs)

Gates et al. (1981) (25)
(T.G.G), (R.R.G), (P.P.S), 0.2°C

Mitchell (1981) (28)
(U.G.G). (R.R.G), (P.F.S), 0.2*C

Schlesinger (1982) (32)
(T.G.G). (R.R.S), (P.P.A). 2.0°C

Washington and Meehl (1982) (33)
(U.G.G), (R.R.S). (P.P.A). 1.3"C

Aleksandrov et al. (1982) (34)
(T,G,G), (R.R.S*), (P.P.A), 1.4°C

Potter (1978, 1980) (13)
(U.G.Z), (I.I.F), (P.P.A), 3.7*C (N. llem.)

Manabe and Stouffer (1979, 1980) (20)
(U.G.G), (R.R.F). (P.H.S), 4.1"C. 10 year
lag

Manabe and Wetherald (1980) (24)
(U.H.S), (I.N.S). (P.P.A), 5.9°C

Gates et al. (1981) (25)
(T.G.G), (R.R.G), (P.P.S). 0.4°C



TABLE 4 CONTINUED).

Type of
Simulation

Equilibrium

Quadrupling

(4x)

(continued)

Equilibrium
Decupling
(10x)

Noncqiiil ibrium

Energy Balance Models (liBMs)

Rasool and Schneider (1971) (4)
(P.N.N), (N.N.N), (R.II.A), 2.S°C

Robock (1978)
(P.G.N), (I,N,P), (R.I:,S)

Thompson and Schneider (1979)
(P.G.N), (I.N.D), (n,E,A), lag time
of 5-20 years depends on depth of
ocean's response and surfuce-deep
water mixing rate.

lloffert et al. (1980)
(P.N.N), (I,N,D), (R,il,A), lag time
of 10-20 years depends on prescribed
ratio of temperature changes in
polar sea to surface mixed layer.

Cess and Goldenberg (1981)
(P.N.N), (I.N.D), (E.E.A), 10 to 20
year lag time.

Radiative-Convective Models (RCMs)

Augustsson and Ramanathan (1977) (12)
(U.N.N), (N.N.N), (R.II.A), 7.9°C

Hunt and Wells (1979)
(II.N.N), (N,N,P), (K.II.S), 8 years lag
time.

Munsen et al. (1981)
(ll.N.N), (N,N,n), R.T.A), C02 signal
emerges from climatic noise (2o = 0.2°C)
about 1995.

General Circulation Models (GCMs)

Wctherald and Manabe (1981),
Manabe et al. (198i) (30)
(U,II,S), (I.N.F), (P.H.S), 4.8°C

Washington and Meehl (1982) (33)
(U,G,6), (R.R.S), (P.P.A), 3.2°C

Aleksandrov et al. (1982)
(T,G,G). (R.R.S*), (P,P,A), 1.9°C

Mitchell (1981) (28)
(U,G,G), (R.R.G). (P.P.S), 0.6°C

Bryan et al. (1982)
(U.G.S), (I.N.0), (P.II.A), 10 to 25 year
lag time, a function of latitude for
first 10 years with more rapid adjust-
ment in tropics.



TABLE 4 (CONTINUED).

Type of
Simulation

Nonequilibriura

(continued)

Energy Balance Models (EBMs)

Schneider and Thompson (1981)
(P,G,N), (I,N,I)),(E,E,A), Jag time
depends on latitude.

Michael et al. (1981)
(P.N.N). (I.N.D), (R.II.A), lag time
about 40 years.

Kadiative-Convective Models (RCMs) General Circulation Models (CCMs)

Vertical: S = surface energy balance; P = planetary energy balance; T = troposphere; U = troposphere and upper atmosphere.

Latitude: N = none; II = equator to pole; G = pole to pole.

Longitude: N = none; Z = zonally-avnrugod; S = 120" sector; G = 360°.

Land-ocean distribution: N = none; I = idealized;'R = realistic(for given resolution).

Topography: N = none; I = idealized; R = realist ic(for given resolution).

Ocean temperature model: N = none; G = prescribed sea surface temperature; S = swamp; S* = swamp with fixed sea ice; ¥ = mixed layer with prescribe^ depth;
D = F with deeper ocean; P = mixed layer with predicted depth; 0 = oceanic general circulation model.

00

Humidity model: A = fixed absolute humidity; R = fixed relative humidity; B = both fixed absolute and relative humidity; E = empirically built into
longwave parameterization; G - humidity change prescribed; P = predicted.

Cloud model: N = no cloud; F = fixed cloud; B = both fixed and no cloud; II = fixed cloud "height";* T •- fixed cloud temperature; C = both fixed cloud
"height"* and temperature; E = empirically built into longwave radiation |iarameteri zation; P = predicted. (* "Height" is fixed only with
altitude as the vertical coordinate. With pressure (p) or normalized pressure (o) us the vertical coordinate, the actual altitude for
fixed p or o varies with temperature following the hydrostatic equation.)

Insolation: A = annual mean; S = seasonally varying; J = January.
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Fig. 5. Time evolution of OSU model control (IXCO2) and
experiment (2xCC>2) simulations of global mean
surface air and mass averaged temperatures. IC
denotes the initial condition for both temperatures.
(Source: Schlesinger, 1982a.)
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variability constitutes noise against which the signal of the difference be-

tween the experiment and control must be contrasted. If the ratio of the

signal to the noise is sufficiently large, then it can be said that the experi-

ment climate is not just another realization (sample) of the control climate,

but is in fact a climate different from that of the control. To increase the

signal-to-noise ratio one can reduce the noise by averaging over longer time

periods—this requires extending the length of the simulations. Alternatively,

one can increase the magnitude of the signal by increasing the magnitude of

the forcing, e.g., by quadrupling the C02 level. This approach, which may be

called the super-anomaly method, has been used previously to study the in-

fluence of sea surface temperature anomalies on climate (e.g., Chervin, 1979).

Its validity depends on whether there is a known transfer function from the

super-anomaly response to the anomaly response. In the case of increased levels

of CO-, Augustsson and Ramanathan (1977) have shown by an RCM calculation that

the contribution to the surface air temperature warming by the C0_ 15ym absorptance

band increases logarithmically with increasing CO., while that due to the weaker

CO- bands increases linearly. Their results show that the combined effect of

the 15iiin and weak bands is such that the warming due to quadrupling is about 2.4

times greater than the warming due to doubling. Based on this it has been as-

sumed that the thermal response for a C0_ doubling could be taken as approximately

half that obtained from a supir-anomaly CCL quadrupling experiment. We shall

reconsider this point subsequently.

In a nonequilibrium study the C0_ concentration in the experiment is

either changed at the initial time and held constant, or is made to increase

with time. (See Fig. 6 for an example of the latter.) The response of the

climate system in ths experiment at any time is compared with the equilibrium
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Fig. 6. The change in surface a i r temperature (above) induced by
the change in CO2 concentration (below). Xrao i s the
coefficient of heat exchange between the mixed layer and
deep ocean (Wnr2K-l). (Source: Schlesinger, 1982b.)
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60°

Fig. 7. Horizontal domain and land-ocean distribution of the sector
models of: (a) Manabe and Ketherald (1975), (b) Manabe and
Wetherald (1980), and (c) Wetherald and Manabe (1981).
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response for the CO- concentration at the same time, the equilibrium response

having been determined from a control equilibrium simulation. The object of

the nonequilibrium study is to determine the lag in the response of the climate

system, that is, the difference in time between when the nonequilibrium and equili-

brium responses reach any specified value. Knowledge of the lag time is required

to estimate when a CO.-induced climate change may become detectable. As shown in

Fig. 6, the lag time depends critically on the rate of heat exchange between the

upper ocean (mixed layer) and the intermediate ocean (thermocline), with the lag

time increasing with the rate of heat exchange. Because the value of the heat

exchange rate is poorly known from observations, the time of first detectability

is uncertain by about + 10 years as shown in Fig. 6 (Schlesinger, 1982b).

In this paper attention is focused on comparing the simulations from the

three-dimensional GCMs because it is the geographical distribution of a

possible CO2-induced climatic change which is of importance to humanity.

Moreover, since only one nonequilibrium study has been performed with a GCM

(see Table 4), the comparison can be made only for the equilibrium GCM studies.

However, the global-mean surface temperature changes from these GCM studies

will be compared with those from the EBMs and RCMs. Before presenting the

comparisons, a brief overview of the characteristics of the GCMs and C0_

simulations is given.

3.1 Description of GCMs and C02 simulations

Simulations of the climate changes induced by elevated CO- levels have

been carried out with GCMs at the Geophysical Fluid Dynamics Laboratory/NOAA,

Princeton University, New Jersey (hereafter abbreviated as GFDL); the NASA

Goddard Space Flight Center Institute for Space Studies, New York, New York

(GISS); the Lawrence Livermore National Laboratory, Livermore, California

(LLNL); the National Center for Atmospheric Research, Boulder, Colorado

(NCAR); the Climatic Research Institute, Oregon State University, Corvallis,
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Oregon (OSU); the United Kingdom Meteorological Office, Bracknell, Berkshire,

United Kingdom (UKMO); and the Computing Center of the USSR Academy of Sciences

(USSR). These simulations are referenced in Table 4 by author(s) and are listed

in chronological order. Not all of the simulations listed in Table 4 (and

shown in Fig. 21) are included in the present comparison: the LLNL simulations

(Potter, 1978, 1980) are not included because the model is only two dimensional

(latitude and height); the GISS simulations (Hansen, 1978, 1979 as reported by

NAS, 1979) and the USSR simulations (Aleksandrov ex al., 1982) because a descrip-

tion of the model and/or results was not available; and the UKMO simulations

(Mitchell, 1981) either because of their similarity to the prescribed-SST

results of the OSU simulations (Gates et al., 1981), or because of the ad hoc

2°C increase in SST which was prescribed in the UKMO doubled CO- simulation.

The simulations that are included in the present comparison are listed in Table

5 along with some characteristics which will be discussed subsequently.

Some of the characteristics of the GCMs used to perform the C0_ simula-

tions are presented in Table 6. The principal differences among these GCMs

are in their domain, land/ocean geography, orography, ocean-sea ice model,

clouds and the albedo of snow and sea ice.

a. Domain, land/ocean geography, orography

The first GCM simulation of CO_-induced climate change was performed at

GFDL by Manabe and Wetherald (1975). In that simulation the horizontal domain

extended over only 120° of longitude and from the equator to 81.7°N as shown

in Fig. 7. In this sector model cyclical boundary conditions were imposed at

0° and 120° longitude, and an idealized land/ocean geography was prescribed

along with no topography, that is, the surface elevation was uniform

%-.~ryvhere. As shown in Fig. 7 slightly different sector models were employed

•.' v.i.-..ibe and Wetherald (1980) and V.'etherald and Manabe (1U81). in all other
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TABLE 5. EQUILIBRIUM GCM SIMULATIONS OF CLIMATIC CHANGE

INDUCED BY CO2 DOUBLING AND QUADRUPLING

MODEL

GFDL

Manabe 6 Keatherald (1975)

Mcnabe fi Weatherald (1980)

Manabe 6 Stouffer (1980)
Manabe, h'etherald

5 Stouffer (1981)

Ketherald fi Manabe (1981)

2XCO2

YES

YES

XO

NO

4XC0,

SO

YES

YES

YES

Annual Cycle

NO

NO

YES

YES

NO

Length of
Simulation (Years)

2.2

3.3

7(l.l)Sa

8(1.6)6a

8(1.2)lla

9(1.7)11
26(1.1)1.1

Averaging Period
of Results (YeaTs)

0.3

1.4

3

4

O.S

SCAR

liashington 5

OSU

Gates, Cook

Schlesinger

Meehl (1982)c

6 ScMesinger

(1982)

(1981)

YES

YES

YES

YES

YES

NO

NO

YES

NO

0.8

1.3

2.0

In shese simulations the annual cycle of the atmospheric GCM is first accelerated with
respect to the annual cycle of the ocean model. The ocean model is integrated through
the number of annual cycles shown by the first number in the row. The atnospheric model
is integrated through the same number of annual cycles; however, since these annual cycles
are accelerated, the amount of time simulated is less as shown by the second number in the
row (in parenthesis). The acceleration of the atmospheric annual cycle is gradually reduced
until there is no acceleration. The models are then synchronously run for the number of
ye&rs shown by the third number in the row. The first row is for the control, the second
row for the experiment when different from the control.

Unless otherwise noted.
c Preliminary results kindly provided by the authors. The research continues with extended
integrations and longer averaging intervals, rtierefore, the authors (Washington and Meehl)
stress that these results be viewed only as preliminary and within the context of this paper.
These results are referenced as a personal conmunication via a preliminary dreft nanuscript
(Manuscript number: SCAR/0306/81-2E). For additional information contact W. Washington,
National Center for Atmospheric Research.

0.3"

0.5°



TABLE 6 . CHARACTERISTICS OF GENERAL CIRCULATION MODELS USED TO SIMULATE CO2-INDUCED CLIMATIC CHANGES

Moimi.

CFIII.

Manabc 6 Wcthcrald (197S)

Manabc f, Wuihcrald (1980)

Manabc & Stouffcr (1980)
Manahc, Weatherald 6
Stouffer (1981)

Wcthcrald (, Hanabe (1981)

NCAR

W a s h i n g t o n ti Mechl ( I 9 H 2 )

OSH

lirtcs, Coul 5 Sihti'siuticr

.schleslngcr (1982)

IXMAIN

VERTICAL (z)

Surface t o p=U
(9 layers)

Surface to |>=0
(9 layers)

Surface to p-0
(9 layers)

Surface to p=0
(9 layers)

Surface to p=0
(9 layers)

Surface tn p=2IIOmh
(•! layers)

Surface to p-Jllllmli
(,t layers)

I.A1ITIIHE (•)>)

Equator to 81.7°
(Grid Point, A<t=variablc)

Equator to Pole
((ii'id Point, Ai[>=<1.5°)

Pole to Pole
(Spectral, IS waves
and 21 waves)

Pole to Pole
(Spectral, IS waves)

Pole to Tole
(Spectral, IS waves)

Pole to Pole
(<irld Point, A$=4°)

Pole to Pole
(<;rid Point, A<f-'l°)

IJONUITIII*: (X)

120° Suitor
(Grid Point , M-'h°)

IM° (Scctur
(firid Point, &V-5°)

3(>n° (Spectral,
IS waves and
21 waves)

120° Scctur
(Spectral, waves
S, b, 9, 12, 15)

360° (Spectral,
IS waves)

360* (Grid Point,

360° (Grid P o i n t ,

SIIKI:ACI: TREATMENT
LANII-nCEAN

IHSlKlBiri KIN

I d e a l i z e d
tJiid-Oceun

(dealized
Land'Occan

Realistic

Idealized
Land-Ocean

Realistic

Kculistic

Realistic

rni'oCHAPiiv

None

None

Realistic

None

Realistic

Realistic

Realistic

OCIAN3

Swanp (Ho hc.it
capacity or
transport)

Swanp (No heat
capacity or
transport)

68m Mixed Layer
(No heat trans-
port)

68m Mixed Layer
(No heat trans-
port)

Swamp (No heat
capacity or
transport)

To imnual cycle
prescribed

Swamp (No heat
capacity or
transport)

SKA lC£a

Occurrence
predicted when
Toc-2°C

Occurrence
predicted when

Thickness
predicted
(Bryan, 1969);
T n.2V
•o * '•
when sea ice
exists

Thickness
predicted
(Bryan, 1969);

when sea ice
exists

Occurrence
predicted
when V-1.8*C

Kea Ice annual
cycle prescribed

Occurrence
predicted
when T,,=-t.6*C

SOIL MOISTUKE
6 SNOW

Predicted
(Manahc, 1969)

Predicted
(Manabc, 1969)

Predicted
(Manabc, 1969)

M
Predicted M
(Manahc, 1969) ^

Predicted

Wi!lia»son, 1977)

Predicted
(Cliun .'( ,il., 19S2)

Predicted
(Chun et al., 1982)

T • mean



TABLE 6 (CONT.) CHARACTERISTICS OF GENERAL CIRCULATION MODELS USED TO SIMULATE CO,-INDUCED CLIMATIC CHANGES

MODiiL

SOUR RADIATION

UAH)AT ION

TI-:illt|-:STRIAI. RADIATION CLOUDS'.1) SURFACl: ALBKIX)'
,c,U

GFOL

Manabe 5 Wetherald (1975)

Hanabe 5 Wetherald (1980)

Manabe $ Stouffer (1980)
Manabo, Weatherald &
Stouffer (1981)

Wethcrald f> Hanabe (1981)

NCAR

Washington G Meehl (1982)

OSU

Gates, Cook f, Schlesineer
(1981)

Schlesingcr (1982)

Annual Mean; II2O, C02, Oj
Clouds, Rayleigh scattering
(Kanabe (, Wctherald, 19b7)

Annual Mean; H2O, COj, O3,
Clouds, Rayleigh scattering
(Manabe $ Wethero Id. 1967)

Annual cycle, no diurnal
cycle; II2O, CO2. O3,
Clouds, Raylcigh scat-
tering t Lac is t, Hanscn,
1974)

Annual Mean C Seasonal
Variation runs; II2O, CO2.
O3, Clouds, Rayleigh
scattering (Lacis S
llanscn, 1C74)

Annual Mean; II2O, CO2, O3,
02, Clouds, Rayleigh scat-
tering (Ramanathan et al.
1982)

Annual and diurnal cycle;
"2°> °3» Royleigh scatter-
ing (Ghan et al., 1982)

Annual Mean; II2O, O3,
Rayleigh scattering
(Chan ct al. , 1982)

II2O, CO2, O3, Clouds
h ' s Wetherald, 1967)

M2(), C0 2, O3, Clouds
(Stone (, Manabe, 1968)

II2O, C0 2, 0 3, Clouds
(Stone r, Manabc, 1968)

1120, C0 2, O3, Clouds
(Slonc H Manahe, 1968)

II2O, CO2, O3, Clouds
(Ranunathan et al. 1982)

M20, C0 2, Clouds
(Chan et al., 1982)

H2O, C0 2, Clouds
(Ghan et al., 1982)

Prescribed annual
mean t'nct(z, c(>l

Predicted when
condensation

Prescribed annual
mean fnct(z, <t>)

Prescribed annual
mean fnct(<t>, z)

Predicted when
Rll > R0\ (convec-
tive when Pe<0, non-
convective when
r e>0). Also run with
prescribed clouds.

Predicted when
cumulus convection
or Rll > 100%

Predicted when
cumulus convection
or IUI i 1004

Land
Snow

Land G Ocean prescribed (Manabe, 1969);
Snow ti Sea Irre = 0.70 (To<-25°C), = 0 45
6 0.35 (T > -2S°C) b

Ocean prescribed (Manabc, 1969);
Sea Ice = 0.70 (Te<-10°C), = 0.45

5 0.35 (Tg > -10°C)

Land t< Ocean prescribed (Poscy S Clupp,
19(><l); Snow £0.80, fnct(4>, snow mass,
underlying s f c ) ; Sea Ice < 0.70,
ice thickness, melting)

Lund d Ocean prescribed (Manabe, 1969)
Snow I, Sea Ice = 0.70 (T <-10°C), = O.bO
IT > -10oC), = 0.45 forfeiting sea ice

i

Land = 0.13; Desert ° 0.2S; Snow • 0.80
(0-0.9um), 0.55 (0.9-4um); Sea Ice = 0.7

Land 0 Ocean prescribed (Posey (, Clapp,
1964); Snow i 0.80, fnet(snow nass,
underlying s f c ) ; Sea Ice • 0.4S

Land 6 Ocean prescribed (Posey 5 Clapp,
1964); Snow < 0.70, fnct(snow unss,
underlying sfc.); Sea Ice » 0.35

"Rll • relative humidity, Te = vertical gradient of equivalent potential temperature

T g» temperature of earth's surface

The surface albedos for sen ice arc for the condition of zero snow cover. The
surface albedos for snow-covered sea ice arc as shown for snow.



III.38

simulations listed in Table 6 the horizontal domain was global, that is, 360°

of longitude and extending from p?.e to pole, and the land/ocean geography and

orography were realistic within the models1 horizontal resolution. (See Figs.

10, 11 and 18 for the OSU, NCAR and GFDL models, respectively.; All the simu-

lations except those carried out at OSU were performed with 9-layer models that

included both the troposphere and stratosphere. The OSU simulations employed a

two-layer model of only the troposphere (see Fig. 2).

b. Ocean-sea ice model

In the simulations performed with the OSU model by Gates et at. (1981)

both the sea surface temperature and sea ice distributions were prescribed to

vary according to their observed present-day annual cycles. In these simula-

tions, then, neither the SST nor the sea ice could respond and feedback on the

changed atmospheric climate. The only other simulations which included the

annual cycle of solar insolation were those reported by Manabe and Stouffer

(1980) and Wetherald and Manabe tl981) (see Table 5 under heading Annual Cycle.

Note that the papers by Manabe and Stouffer (1980) and Manabe, Wetherald and

Stouffer (1981) report different aspects of the same simulation.) These simu-

lations were performed with the GFDL atmospheric GCM coupled with a 68 m slab

model of the oceanic mixed layer and with the thermodynamic sea ice model

noted in Section 2.3. All the remaining simulations with the models listed

in Table 6 employed the swamp ocean/sea ice model and, therefore, were made

with only annually-averaged solar insolation (Table 5).

c. Clouds

As already noted in Table 1, clouds are diagnostic variables in some at-

mospheric GCMs and are prescribe'' in others. In three of the four GFDL models

shown in Table 6 clouds are prescribed and, therefore, cannot respond and feed-

back on the CO2-induced climate change. Clouds are predicted variables in the

simulations with both the OSU and NCAR models; however, a doubled CO2 experiment
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with fixed clouds as well as computed clouds was conducted with the NCAR model

to assess the importance of clouds in the simulated climate change.

d. Albedo of snow and sea ice

The albedo of snow and sea ice in GCMs may be of particular importance

in the simulation of CCL-induced warming in high latitudes. As shown in

Table 6 the albedo of snow is a discontinuous function of the surface temperature

T in the simulations reported by Manabe and iv'etherald (1975), Manabe and Wether-

aid (1980), and Wetherald and Manabe (1981), with a value of 0.70 for T Q < -25°C,
to

-10°C and -10°C, respectively; and 0.45, 0.45 and 0.60 for T > -25°C, -10°C and

-10°C, respectively. On the other hand, in the simulations by Manabe and

Stouffer (1980), Gates et al. (1981), Schlesinger (1982a) and Washington and

Meehl (1982) the albedo of snow is independent of T . In the latter simulation

the albedo is simply taken equal to a constant value of 0.80, while in the

former three simulations it is a function of the nature of the underlying

surface, for example forest or tundra, and depends on the snow depth (water

equivalent) up to some value. The albedo of snow-free sea ice is also a dis-

continuous function of To in the simulations of Manabe and Wetherald (1975),

Manabe and Wetherald (1980) and Wetherald and Manabe (1981), with a value of

0.70 for T < -25°C, -10°C and -10°C, respectively, and 0.35, 0.35 and 0.60

for T > -25°C, -10°C and -10cC, respectively; in the simulation of Wetherald

and Manabe (1981) the albedo was further reduced to 0.45 during the melting

of sea ice. In contrast, the albedo of snow-free sea ice was independent of

T in the simulations by Washington and Meehl (1982), Gates et al. (1981) and

Schlesinger (1982a), and was taken equal to the constant value of 0.70, 0.45

and 0.35, respectively.
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e. Length of simulation and averaging period

The length of the different C02 simulations is shewn in Table 5 along with

the length of the averaging period for the results which follow. Of the simu-

lations without the annual cycle of solar insolation, all but the preliminary-

results reported by Washington and Meehl (1982) are for at least two years;

the averaging period for the results varies from 0.3 years (100 days) to 1.4

years (500 days). Of the simulations with the annual solar cycle, that by

Gates et at. (1981) with prescribed SST and. sea ice was for only 1.3 years

(16 months), while those performed at GFDL with the slab mixed layer model were

for at least 12 years (given by the sum of the first and third numbers in the

appropriate row); the simulation by Vietierald and Manabe (1981) with the slab

model but without the annual cycle extended over 27 years. The number of reali-

zations (samples) in the averaging of the results in the simulations with the

annual cycle ranges from one (for example, one January, one winter or one year)

as reported by Gates et at. (1981) to four (for example, the average of four

Januaries, four winters or four years) as given by IVetherald and Manabe (1981).

However, Wetherald and Manabe (1981) averaged the results from the two hemispheres

shown in Fig. 7(c) to effectively double the averaging period to 8 years.

In the following we present and compare results for the changes in tem-

perature, precipitation rate and soil moisture simulated as the result of a

C02 doubling and a (XL quadrupling.

3.2 Simulated temperature changes

a. CO- doubling

1) Latitude-height cross sections

Latitude-height cross sections of the change in zonal mean air

The average over the longitudinal domain of a model.
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temperature simulated for a CCL doubling are presented in Fig. 8. The two

panels on the left are from the earliest simulations which were performed at

GFDL with sector models by Manabe and Wethereld (1975, 1980) (See Tables 5 and

6), while the two panels on the right are from the recent preliminary simu-

lations performed at NCAR with a global model by Washington and Meehl (1982).

In the top panels for both the GFDL and NCAR results the clouds were fixed,

while the clouds were computed for the results shown in the bottctn panels for

each model.

Each of the four simulations shows that stratospheric temperatures de-

crease and tropospheric temperatures increase either everywhere or almost every-

where in response to the doubled CO2.

The stratospheric cooling increases with increasing altitude in the GFDL

and NCAR simulations. In the Manabe and Ketherald (1975) simulation with fixed

clouds the cooling at any altitude in the stratosphere is a maximum in the

tropics and approaches a smaller constant value in the poleward direction. In

the Manabe and Ketherald (1980) simulation with computed clouds the CQ2-induced

stratospheric temperature decrease also becomes smaller from the tropics toward

the poles above about 26 km. Below this altitude, however, the cooling decreases

with latitude only to the subtropics and then increases toward the pole. This

results in a minimum cooling in the subtropical stratosphere which is also

found in both of the preliminary simulations with the NCAR model (Washington

and Meehl, 1982).

The tropospheric warming increases from the surface upward to a maximum

value at about 10 km in tropical and subtropical latitudes in the Manabe and

IVetherald (1975) simulation. This upward amplification of the tropospheric

warming was attributed to the maintenance of the moist adiabatic temperature

lapse rate by moist (cumulus) convection, a parameterized subgrid scale process
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(see Table 2), and the fact that this lapse rate decreases with increasing tem-

perature. The upward amplification is also found in the Manabe and Wetherald

(1980) simulation, although it is somewhat more confined to low latitudes. A

similar upward amplification was obtained at almost all latitudes in the global

model simulation by Schlesinger (1982a) (j.ot shown). In contrast, an upward am-

plification of the tropospheric temperature increase is either nonexistent or

very weak in the preliminary simulations with the NCAR model, both for fixed

and computed clouds.

The GFDL simulations also display a poleward amplification of the wanning

in the lower half of the troposphere, with maximum temperature increases at the

surface near 80° latitude that are 4 to 5 times the minimum increases in the

tropics. This poleward amplification was attributed to the ice-albedo feedback

mechanism whereby an initial warming in high latitudes is amplified by melting

snow and/or sea ice which results in a large decrease in surface albedo and

an increase in the absorbed solar radiation, and to the vertical confinement of

this surface warming by the low-level temperature inversion (Manabe and Ketherald,

1975). The NCAR simulations show either a much weaker poleward amplification or

even a reversal of the temperature change from warming to cooling. We shall

subsequently consider poleward amplification further.

Although the GFDL models used by Msr.abe and Wetherald (1975, 1980) differ

in more than their treatment of clouds (in particular, there is a difference

in the parameterization of longwave radiative transfer, see Table 6), a compari-

son of the GFDL simulations with fixed and computed clouds suggests that the

influence of clouds on CC^-induced tropospheric temperature change is of secon-

dary importance. However, a similar comparison of the preliminary NCAR simu-

lations with fixed and computed clouds suggests just the opposite and that the

effect of clouds is to reduce or even reverse the rurface warming. On the
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other hand, there is relatively little influence of clouds on the stratospheric

cooling obtained by the preliminary NCAR model simulations, but an apparently

large influence in the GFDL simulations. (However, it may be that the Jatter

are the result of the changes in the longwave radiation calculation scheme and

not the effects of clouds.)

2) Geographical distribution of surface air temperature change

The geographical distributions of the surface air temperature change simu-

lated by the sector models of Manabe and Wetherald (1975, 1980) are presented

in Fig. 9. (In this and similar figures for CO2 doubling, hatching or dense

shading indicates warming greater than 4eC, sparse shading a warming between 2

and 4CC, and dense shading a cooling. A similar scheme is used for the CO2

quadrupling but with the above temperatures doubled.) The average with respect

to longitude of the temperature changes shown in this figure are those shown at

the 990 mb level in the left-hand panels of Fig. 8. Thus the surface air tempera-

ture in these and the other GFDL models shown in Tables 5 and 6 represents the

temperature at about 200 m above the earth's surface.

Fig. 9 clearly shows the poleward amplification of the warming of the sur-

face air, with a maximum of 12°C at 82° latitude in the Manabe and Wetherald

(1975) simulation and 8°C at the same latitude in the Manabe and Wetherald (1980)

simulation. It may be that the 4° smaller maximum warming in the 1980 simulation

is the result of evaporative cooling over the high latitude ocean which did not

exist poleward of 66.5° latitude in the 1975 simulation. In both simulations

land-ocean contrasts in the warming are found equatorward of about 45° latitude.

In particular, in both simulations there is a secondary warming maximum near 40°

latitude over about the western half of the continent without an oceanic counter-

part. As can be seen from Figs. 22 and 31, these continental warming maxima occur

where there was a decrease in the precipitation rate and a large decrease in the
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Fig. 9. GFDL model simulations of the change in surface air
temperature (°C) for doubled CO2. Stipple indicates
an increase between 2 and 4°C, hatching an increase
larger than 4°C. (Source: Manabe and Wetheraid,
1975, 1980; unpublished results.)
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soil moisture, the latter at least in the 1980 simulation (the soil moisture

change for the 1975 simulation is not presented). Another region of maximum

continental warming is xound over the southeastern coast in the 1975 simulation,

but this region exhibits a minimum warming in the 1980 simulation. The latter

result is co-located with an increase in precipitation rate (Fig. 22) and soil

moisture (Fig. 31), while the former result occurs in association with a decrease

in the precipitation rate (Fig. 22). The negative correlation which is found

between the changes in surface air temperature and soil moisture occurs pre-

sumably through the change in surface evaporation, with increased (decreased)

soil moisture resulting in increased (decreased) evaporative cooling and smaller

(larger) warming of the earth's surface and surface air.

The geographical distribution of the surface air temperature change simu-

lated by the OSU global model of Schlesinger (1982a) is presented in Fig. 10.

In this model, as in the model employed by Gates et al. (1981), the surface

air temperature is determined by a constant-flux layer approximation (see Ghan

et al., 1982) and, therefore, represents the temperature at about 10 m above the

surface. Fig. 10 shows a warming of the surface air temperature over most of

the earth. The warming increases from the tropics to the subtropics of both

hemispheres, as was also found from the 1980 GFDL sector model (Fig. 9), but then

decreases in the middle latitudes before again increasing toward both poles.

As a result of the decrease in warming in middle latitudes, the poleward ampli-

fication is not monotonic and the polar warming is only two times the tropical

warming in contrast to the 4 to 5 amplification obtained with the 1975 and

1980 GFDL sector models. Fig. 10 also shows a significant longitudinal varia-

tion of the surface air temperature change at virtually all latitudes, some of

which is clearly due to contrast between land and ocean. (Recall that the OSU

model has realistic orography as well as land/sea contrasts while the GFDL
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Fig. 10. OSU model simulation of the change in surface air
temperature (°C) for doubled CO2. Heavy stipple
indicates a decrease,, light stipple an increase
between 2 and 4°C, hatching an increase larger than
4°C. (Source: Schlesinger, 1982a.)
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sector models do not.) In the Northern Hemisphere, regions of warming in ex-

cess of 4°C are located over western and northern Greenland, the Arctic Ocean

north of Spitsbergen, the Kara Sea, northeast of the Caspian Sea, and the

Sahara, Arabian and Gobi deserts. Similar but smaller warm regions are found

in the Southern Hemisphere in South Africa, southwestern Australia, the Ross

Ice Shelf and over Antarctica near 30cE. A region of large cooling is located

in central East Africa. Fig. 32 shows a large increase in soil moisture in

this region, and Fig. 23 reveals a large increase in the precipitation rate

there. Further analysis indicates that in general there is a negative correla-

tion over land between the changes in surface air temperature and soil moisture,

as was evident in the GFDL sector models' results.

The changes in the temperature of the earth's surface simulated by the

NCAR global model with computed and fixed clouds are shown in Fig. 11. (Maps

of the geographical distribution of the surface air temperature changes were

not available.) The data is this figure represent averages over the last 198

days of the preliminary 300-day simulations, in contrast to the 100-day averag-

ing period of Fig. 8 (see Table 5). Fig. 11 shows that while most of the earth's

surface is warmed in response to the CO2 doubling, there are extensive regions

of cooling. Ignoring the latteT for the moment, it can be seen that the warming

tends to be small in the tropics and middle latitudes, and large in the subtropics

and polar latitudes. In the simulation with computed clouds, regions of warming

in excess of 3CC are found extending from the North American Arctic over northern

Greenland to northern Scandanavia, inland from the Gulf of Mexico over the United

States, inland northwest of the Sea of Okhotsk, in the Sahara desert, eastern

Brazil, South Africa, northern Australia, and around East Antarctica and over

the Ellsworth Highland. Regions of smaller warming are seen over the southwestern

United States, central Atlantic Ocean and near the Caspian Sea. Many of these

warm regions are in reasonably good agreement with those obtained by the OSU
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model. The NCAR simulation with computed clouds also obtained a region of

cooling over central East Africa, as does the OSU model, as well as a region

of cooling near the Guiana Highlands of South America. Furthermore, extensive

regions of cooling are simulated over the oceans and sea ice. The cooling in

these regions cannot be due to the increased availability of water to evaporate,

as was the case in the OSU and GFDL models over land, because the ocean and sea

ice always evaporate at their maximum possible rate (the potential evaporation

rate). The existence of these extensive regions of oceanic cooling suggests,

therefore, that either the preliminary NCAR simulations were not run sufficiently

long to reach statistical equilibrium and/or the averaging period was too short

for the simulated results to be statistically significant. (We shall consider

these issues again in Section 4.) For these reasons it may be premature to

conclude that clouds have a significant effect on the CC^-induced surface air

temperature change as is suggested by comparing the simulations with and without

interactive clouds shown in Fig. 11.

3) Zonal mean surface air temperature change

A comparison of the zonal mean surface air temperature changes simulated

by the models of the preceding section is shown in Fig. 12 along with the change

simulated by the OSU model with prescribed SST and sea ice (Gates et at. 1981).

The zonal means for the GFDL sector models of Manabe and Wetherald (1975, 1980)

are the longitudinally-averaged data of Fig. 9 which are plotted symmetrically

about the equator in Fig. 12. These curves both show a minimum warming of

about 1.5°C in the tropics followed by an increase toward che subtropics. The

rise is more rapid in the 1975 simulation and reaches a maximum value of 2.5°C

near 15° latitude. The warming then decreases to about 2°C between 20° and 30°

latitude and increases virtually monotonically toward a maximum value of nearly

11°C at the highest model latitude. On the other hand, the 198r simulation

does not display a maximum value in the tropics, but rather increases mono-
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tonically to a maximum value of about 7.5°C at 83° latitude and then decreases

to about 5°C near the pole.

The zonal means of the OSU global simulation by Schlesinger (1982a), that

is the longitudinally-averaged data of Fig. 10, are quite similar to those of

the 1980 GFDL simulation between 30°S and 25°N, with a minimum warming of about

1.25°C in the tropics and an increase to about 3°C in the subtropics. However,

in marked contrast to the almost 1°C increase in "wanning which occurs between

34° and 38° latitude in the 1980 GFDL simulation, there is a decrease in warm-

ing in the OSU simulation to about 1.5°C at 55CS and 40°N. This is similar to

the result of the 1975 GFDL simulation, albeit there is about 10° latitude dif-

ference in positions of the resultant low-latitude warming maxima. Poleward

of these latitudes the warming in the OSU simulation again increases with lati-

tude to a value which is larger in the Arctic than in the Antarctic, namely,

3.9CC at 86°N and 3.0°C at 86°S. If the OSU curve is shifted upward such that

the mid-latitude minimum warming in each hemisphere intersects the 1980 GFDL

curve it is seen that the poleward amplification in the OSU simulation is approxi-

mately half that of the 1980 GFDL simulation.

The zonal means of the preliminary NCAR simulation with computed clouds,

that is the longitudinally-averaged data of the top panel in Fig. 11, show a

minimum warming of about 0.2°C in the tropics, a relatively uniform warming of

about 0.7°C and 1°C in the mid-latitudes of the Southern and Northern Hemispheres,

respectively, a poleward amplification from about 50°S to 70~3, and no poleward

amplification in high northern latitudes. The zonal mean warming in this NCAR

simulation is smaller than that obtained by the GFDL and OSU simulations every-

where except near 70°S where there is agreement with the OSU result. It is

evident from Fig. 11 that this smaller zonal mean warming is in part a consequence

of the existence of the extensive regions of cooling in the NCAR simulation,

particularly in the tropics and in the middle and high latitudes of the Northern
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Hemisphere. These higher latitude cooling regions clearly cancel the poleward

amplification which would occur if they did not exist. This is substantiated

by the presence of a poleward amplification in the Southern Hemisphere where

the cooling regions are smaller and weaker. Furthermore, if the tropical mini-

mum of the NCAR curve in Fig. 12 is shifted upward to that of the GFDL and OSU

curves, it can be seen that there is similitude between about 20°S and 30°N.

However it should be noted that the 198-day averaged zonal means of Fig. 12

do not completely agree with the 100-day averaged zonal means of Fig. 8. In

particular, there is cooling at the ground in the Arctic in Fig. 8, but there

is warming of the earth's surface there in Fig. 12. This again suggests that

the length of the preliminary simulation was not long enough to reach equili-

brium and/or the averaging period of at least 100 days is too short for all

the simulated temperature changes to be statistically significant.

Fig. 12 also shows the zonal mean surface temperature change from the

preliminary NCAR simulation with fixed clouds. As already evident from Figs.

8 and 11, the prevention of the response of clouds to increased CO2 results

in a larger surface warming almost everywhere. On the other hand, the prevention

of the response of the sea surface temperature and sea ice, as in the simulation

by Gates et at. (1981), results in about a tenfold reduction in the warming

obtained with the OSU model without prescribed SST and sea ice (Schlesinger, 1982a).

b. C02 quadrupling

1) Latitude-height cross sections

Fig. 13 shows latitude-height cross sections of the change in zonal mean

air temperature simulated for a C02 quadrupling. The top panel is from the

sector model of Manabe and Wetherald (1980) and is the counterpart to the cross

section for C02 doubling which is shown in the lower left panel of Fig. 8.

The middle panel of Fig. 13 is the annually-averaged temperature change from
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the global model of Manabe and Stouffer (3 980) in which the ocean was treated

as a 68 m slab mixed layer, the solar insolation varied over its annual cycle,

and the clouds were fixed. The lower panel is the preliminary result from the

global model of Washington and Meehl (1982) with the swamp ocean model, annually-

averaged insolation, and computed clouds. This cross section is the counterpart

to that shown in the lower right panel of Fig. 8.

Each of the cioss sections in Fig. 13 shows a warming of the troposphere

and a cooling of the stratosphere i.; response to the CQ? quadrupling, with the

stratospheric cooling increasing with altitude. This is the same response

that was obtained for the CO., doubling (Fig. 8). Comparing the top panel of

Fig. 13 with the lower left panel of Fig. 8, and the bottom panel of Fig. 13

with the lower right panel of Fig. 8, it is seen that the response of the GFDL

model for CO- quadrupling is everywhere very nearly double the response for

CO_ doubling, while a similar linear behavior occurs only in the stratosphere

in the NCAR simulation. The warming response of the tropospheric temperatures

to CO. quadrupling is almost everywhere larger than double the response to C0_

doubling in the NCAR simulations. Furthermore, the cooling of the lower tro-

posphere in the Arctic which resulted from the CO doubling has become a warming

in the simulation for CO- quadrupling. As we shall see, this reflects the absence

for the quadrupling of the extensive regions of surface cooling which occur

for the CO. doubling (Fig. 11).

Comparing the top two panels in Fig. 13 shows that the annually-averaged

response of the troposphere in the Manabe and Stouffer (1980) simulation with

the annual insolation cycle is smaller than the tropospheric response of the

Manabe and Wetherald (1980) simulation with annually-averaged insolation. In
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particular the maximum high latitude surface warming decreases from 15°C to

9°C and occurs in the polar cap instead of at 83° latitude. Furthermore, the

inclusion of the Southern Hemisphere in the Manabe and Stouffer (1980) model

reveals hemispheric differences which could r.oc be shown by the sector models

of Manabe and Wetherald (1975, 1980). In particular, the surface warming in

the Arctic is larger than that in the Antarctic. A similar hemispheric asym-

metry was found in the doubling simulation with the OSU model by Schlesinger

(1982a) (Fig. 12). However, the opposite is displayed in the preliminary NCAR

quadrupling simulation with the larger warming occurring in the Antarctic

(lowest panel of Fig. 13). Finally, it should be noted that the stratospheric

cooling of the Manabe and Stouffer (1980) simulation with the annual solar cycle

is considerably larger than that obtained by Manabe and IVetherald (1980) without

the annual solar cycle, particularly in high latitudes.

A more comprehensive and rigorous assessment of the effects of the annual

insolation cycle on C02-mduced climatic change was conducted by Ketherald and

Manabe (1981) by performing two simulations with the same (sector) model, one

with the annual solar cycle (hereafter called the seasonal model) and the other

with annual-mean insolation (the annual model). In this model th** ocean was

treated as a 68m slab mixed layer (see Tables 5 and 6). The zonal mean tem-

perature differences of the annual and seasonal models in response to quadrupled

CCU are presented in Fig. 14. Comparing these annual mean temperature differences

shows that the principal effect of the annual insolation cycle is to reduce the

warming of the zonal mean surface air temperature at all latitudes, with the

reduction increasing with latitude from about 0.5°C in the tropics to 4°C poie-

ward of 70° latitude.

2) Geographical distribution of surface air temperatuie change

The geographical distribution of the surface air temperature change simu-

lated by the sector model of Manabe and Wetherald (1980) is shown in Fig. 15
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ZONAL MEAN TEMPERATURE DIFFERENCES, 4xCO2-UCO2 (CC)
GFDL Model (Wethercld a Manobe, 1981}
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Fig. 14. The zonal mean temperature differences (°C) for quadrupled
CO2 simulated by the GFDL model of Wetherald and Manabe
(1981, unpublished results). Heavy stipple indicates a
decrease, light stipple an increase between 4 and 8°C,
hatching an increase larger than 8°C.
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This figure for quadrupled CO, is the counterpart of the lower panel of Fig. 9

for doubled CO2. To aid in discerning whether the quadrupling-induced warming

is equal to twice the doubling-induced warming, these two figures have dark

shading for warming greater than 8°C for the quadrupling (large stipple) and

4°C for the doubling (hatching), and light shading for warming between 4°C and

8°C for the quadrupling (small stipple) and between 2°C and 4°C for the doubling

(random stipple). Comparing Fig. 15 with Fig. 9 shows that the response for

the C02 quadrupling is qualitatively quite similar to that for the doubling,

with a poleward amplification of the warming, maximum wanning near 83° latitude

over land and ocean, land-ocean contrasts only equatorward of about 45° latitude,

a secondary warming maximum near 40° latitude over the western part of the con-

tinent, and minimum warming over the southeastern coast. A comparison of the

magnitude of the two CO2~induced temperature increases shows that the warming

for the quadrupled CO- level is slightly less than twice the warming for doubled

C02 over most of the sector domain. Comparing Fig. 15 with Fig. 35 shows again

the negative correlation between changes in the surface air temperature and

soil moisture; that is, the warming is large where the soil is desiccated and

small where there is moistening.

Fig. 16 shows the geographical distribution of the surface temperature

change for the preliminary simulation by the NCAR model of Washington and

Meehl (1982). The data in this figure represent an average over the last 198

days of the 300-day simulation in contrast to the 100-day averaging period of

Fig. 13. Comparing this figure with its counterpart for the CO2 doubling, the

upper panel of Fig. 11, shows that the warming patterns are quite similar.

There are regions of maximum warming in both simulations extending from the

North American Arctic over Greenland to northern Scandanavia, over the south-

western and south-central U.S., the Atlantic Ocean, the Sahara desert, the
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LONGITUDE

Fig. 15. GFDL model simulation of the change in surface air
temperature (°C) for quadrupled CO2. Sparse shading
indicates an increase between 4 and 8°C, dense shading
an increase larger than 8°C. (Source: Manabe and
Wetherald, 1980.)
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Fig. 16. NCAR model simulation with computed clouds of the change
in surface temperature (°C) for quadrupled CO2 (198-day
average). Heavy stipple indicates a decrease, light
stipple an increase between 4 and 8°C, hatching an increase
larger than 8°C. (Source: Washington and Meehl, 1982;.
unpublished result.)
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region east of the Caspian Sea, eastern Brazil, South Africa, around East

Antarctica and over the Ellsworth Highland. Furthermore, most of the regions

of cooling for the doubling (Fig. 11) are eliminated for the CO- quadrupling

and are replaced by regions of minimum warming. The exceptions occur in central

South America and central Africa where weak cooling is found. This result is

what would be expected if the cooling regions in Fig. 11 for the doubling are

manifestations of noise. The superposition of "large" noise on a "small"

doubling signal could produce negative temperature changes, but the superposition

of such noise on the enhanced quadrupling signal would result in both fewer and

weaker cooling regions.

It is in fact the purpose of a super-anomaly experiment such as a CO2

quadrupling to increase the signal-to-noise ratio by increasing the signal.

As noted earlier, the validity of this approach lies in the assumed known

relationship between the responses for quadrupled and doubled CO2. A

comparison of the regions of maximum warming in Figs. 11 and 16 indicates

that the warming for quadrupling is somewhat less than twice that for the

doubling, as also found for the GFDL sector model results. However, it is not

clear whether such quasi-linearity exists in those regions where the cooling

for the CO- doubling has changed to warming for the CO_ quadrupling. The only

way to verify this would be to extend the doubling simulation sufficiently long

that the time-averaged signal significantly exceeds the time-averaged noise so

that the cooling regions disappear. If this were done, however, the need to

perform the super-anomaly quadrupling experiment would de facto be eliminated.

Nevertheless, the occurrence of extensive cooling regions for the doubling lowers

its global mean warming and tends to make the ratio of the global mean warmings

for quadrupling and doubling larger than the linear value of two.

The geographical distributions of the change in surface air temperature
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simulated by the annual and seasonal models of Wetherald and Manabe (1981) are

shown in Fig. 17. A comparison of the annual mean temperature differences

reveals that the longitudinal variation of the response of the seasonal model

is smaller than that of the annual model, particularly equatorward of 45°

latitude. Furthermore, the seasonal model is less sensitive to the C02 quad-

rupling than is the annual model, especially in high latitudes where the maximum

warming is 4°C smaller. This reduced sensitivity of the seasonal model is

attributed to the absence of the ice-albedo feedback mechanism in summer when

there is no snow cover or sea ice in both the seasonal model experiment and

control, while ice-albedo feedback apparently exists perpetually in the annual

model (Wetherald and Manabe, 1981). This comparison indicates that the in-

fluence of the seasons on the annual-mean climate change is not negligible.

The geographical distribution of the change in the annual-mean surface

air temperature simulated by the global GFDL seasonal model of Manabe and

Stouffer (1980) is shown in Fig. 18 along with the corresponding maps for

December-January-February and June-July-August. The annual-mean temperature

change shows warming everywhere with minimum values of about 2.5°C in the

tropics and poleward amplification in both hemispheres. These features are

in general agreement with the changes simulated by the NCAR model for quad-

rupled CCL concentration (Fig. 16). The GFDL model simulation shows that the

warming in the Arctic is about 4CC larger than that in the Antarctic, in con-

trast with the more nearly equal warming obtained by the NCAR model. Further-

more, less longitudinal variation in the warming is simulated by the seasonal

GFDL model than is simulated by the annual NCAR model. This is what was also

found for the seasonal and annual GFDL model simulations of Wetherald and

Manabe (1981).

Preliminary results from a version of the NCAR model with a 50 m slab mixed
layer ocean and the annual solar cycle indicate a greater sensitivity of this
seasonal model compared to the annual model of Washington and Meehl (1982).
(Washington and Meehl, personal communication.)
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SURFACE AIR TEMPERATURE DIFFERENCE,
4XCO2-|XCO2 (°C)

GFDL Model (WeTherald a Manobe, 1981)
Annual Model

90- r
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Longitude
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Fig. 17. GFDL model simulations of the change in surface air
temperature (°C) for quadrupled CO2. Shading as in
Fig. 16. (Source: Wetherald and Manabe, 1981; un-
published results,)
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(C) JUA"----1.23t£^

90S
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Fig. IS. GFDL model simulation of the change in surface air
temperature for quadrupled CO2. (a) Annual mean;
(b) December-January-February; (c) June-July-August.
Sparse shading indicates an increase between 5 and
7.5°C, dense shading an increase greater than 7.5°C.
(Source: Manabe and Stouffer, 1980.)
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Fig. 18 also shows that there is a large seasonal variation of the CO--

induced warming in the middle and high latitudes of both hemispheres, with

large warming in winter and small warming in summer. There is even a small

region of cooling located over the Ellsworth Highland in austral summer, as

well as over northern Australia and central South America. This nonuniformity

of the CO_-induced temperature change throughout the year is even more strikingly

revealed by Fig. 19 in which the annual cycle of the change in the zonal mean

surface air temperature is shown. It can be seen here that the zonal mean

warming is a maximum in winter and minimum in summer over both the oceans and

continents in the high latitudes of the Northern Hemisphere. This indicates

a large reduction of the amplitude of the annual temperature cycle in these

latitudes, and is attributed to the change of the thermal insulation effect of

sea ice (Manabe and Stouffer, 1980). A similar seasonal asymmetry in the

warming is found over the high latitude oceans of the Southern Hemisphere, but

not over Antarctica. Furthermore, there is little variation of the warming

throughout the year in the tropics.

3) Zonal mean surface air temperature change

A comparison of the zonal mean surface air temperature change simulated

by the models of the preceding section is shown in Fig. 20 along with

the change simulated by the OSU model with prescribed SST and sea ice (Gates

et al., 1981). The results for the GFDL sector models of Manabe and Wetherald

(1980) and Wetherald and Manabe (1981) are shown plotted symmetrically about

the equator, and the curves for the seasonal models of Manabe and Stouffer

(1980), Wetherald and Manabe (1981) and Gates et al. (1981) represent the

changes in the annual mean surface air temperature. The simulations by the

GFDL models all show a minimum warming in the tropics and a poleward amplification.
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Fig. 19. GFDL model simulation of the annual cycle of the change in zonal
mean surface air temperature (°C) for quadrupled CO2. Sparse
shading indicates an increase between 4 and 8°C, dense shading
an increase larger than 8°C. (Source: Manabe and Stouffer, 1980.)
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SURFACE (AIR) TEMPERATURE DIFFERENCE, 4xC0 2 -UC0 2

Monabe a Wetherold (1980)
Monabe a Stouffer (1980)
Wetherold 8 Monabe (1981, Seas.)
Wetherald 8 Manabe (1981, Ann.)

\ Gates, Cook a Schlesinger (1981) .
\ Washington a Meehl (1982, Prelim.) /

90 N ION IOS
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70 90S

Fig. 20. The change in zonal mean surface air temperature (ATS)
or surface temperature (ATg) simulated by six GCMs for
quadrupled C02. The curve for Washington § Meehl (1982)
represents ATg and is a 198-day average; all other
curves represent ATS. The data of Manabe § Wetherald
(1980) and Wetherald § Manabe (1981) are plotted sym-
metrically about the equator. (All data are unpublished
results.)
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The latter is smaller in the seasonal models of Manabe and Stouffer (1980)

and Wetherald and Manabe (1981) than in the annual models of Manabe and

Wetherald (1980) and Wetherald and Manabe (1981). There is also an asymmetry

in the poleward amplification in the global model of Manabe and Stouffer (1980),

with greater warming in the Arctic than the Antarctic. In contrast, the pre-

liminary results from the NCAR model of Washington and Meehl (1982) show a

smaller poleward amplification and little difference in the Arctic and Ant-

arctic v.armings. The zonal mean warming in the NCAR simulation is also every-

where smaller than that in any of the GFDL simulations. However, the warming

obtained by the NCAR model is everywhere considerably larger than that obtained

with the OSU model when the sea surface temperature and sea ice were not allowed

to respond and feedback on the CO--induced climatic change (Gates et al. 1981).

c. Comparison of global-mean warmings simulated for doubled and

quadrupled CO2

1) GCM simulations

A summary of the temperature changes simulated by eight GCMs for CCL

doubling and quadrupling is shown in Table 7 in terms of the area-averaged

surface air temperature. For the four models with the annual solar cycle,

that is, the seasonal models of Manabe and Stoufier (1980), Wetherald and

Manabe (1981), Mitchell (1981) and Gates et al. (1981), the annual-iiean change

is presented in Table 7. For both the doubling and the quadrupling each simu-

lation shows an increase in the global-mean surface air temperature.

The smallest warming for each increased C02 level is obtained by the

UKMO and OSU models with prescribed SST and sea ice (Mitchell, 1981 and Gates

et al. 1981). However, the OSU model with an interactive (swamp) ocean and

sea ice (Schlesinger, 1982a) gives a tenfold increase in the warming, at least

for the C02 doubling. A similar amplification was first obtained by the author

from a pair of RCM sensitivity calculations, one in which the surface temperature
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TABLE 7. AREA-MEAN ANNIT .-MEAN SURFACE AIR TEMFERATURE AND
CO2-INDL-ED TEMPERATURE CHANGES (°C)

MODEL

Manabe 5 Ketherald (1975)[8]b

(300, 600, — ) c

Manabe $ Wetherald (1980>[24]
(300, 600, 1200)

Manabe 5 Stouffer (1980)[20]
(300, — 1200)

Wetherald § Manabe (1981)d [30]
(300, — , 1200)

Washington 5 Meehl (1982)e [33]
(330, 660, 1320)

Mitchell (1981)[28]
(320.7, 641.4, — )

Gates, Cook § Schlesinger (1981)
(326, 644, 1289) [25]

Schlesinger (1982a)[32)
(326, 644, — )

lxC02

20

21

14

16
16

11
11

12

14.

17.

.9

3

.8

0
8

7
5

3

8

9

lxC02

6

6

0

1
2

-2
-2

-0

0

3

-OBSa

.7

.9

.6

.8

.6

.5

.7

c

.6

.7

2xC09

2.

3.

1.
1.

0.

0.

2.

lxCO2

9

0

1
4

2

2

0

4xC02-lxCO2

—

5.9

4.1

6.0
4.8

3.4

0.4

—

Observed value of 14.2°C based on data of Crutcher and Meserve (1970) and
Taljaard et al. (1969) as given by Jenne (1975).

These numbers correspond to those in Tables 4 and 9, and Figs. 21, 29 and 30.

CCL concentrations in ppm for lxC02, 2xCO2 and 4xCO2.

First row is for annual mean insolation, second row is for seasonal insolation.

e Preliminary results. First row is for predicted clouds, second row is for
prescribed clouds.
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in the experiment was fixed, and the other in which it was predicted. In

both the RCM and GCM calculations with prescribed surface temperatures (the

latter only for the ocean) the surface (ocean) acts as an infinite heat sink,

That is, the increased downward infrared radiation from the atmosphere to the

earth's surface, which is a direct result of the increased opacity of the CO--

enriched atmosphere, simply passes into the surface (ocean) and is lost. As

pointed out by Watts (1982)s in this case the modeTs' climate system is not

energetically closed. When the surface (ocean) temperature is free to respond,

however, it warms and returns energy to the atmosphere through the fluxes of

latent, sensible and radiative (infrared) heat. This in turn warms the atmo-

sphere and increases the downward infrared (IR) radiation to the surface and

the upward IR radiation to space. This feedback process continues to warm

the surface and the atmosphere until the increase in the IR radiation to space

due to the warmer temperature compensates the decrease which initially occurred

from the increased C02 opacity. When this compensation occurs, the balance

between the solar heating and IR cooling of the climate system is restored.

It is not restored when the surface (ocean) temperature is fixed and energy is

lost through the lower surface.

The response of the NCAR model with both fixed and computed clouds

(Washington and Meehl, 1982) is smaller than that of the OSU model (Schlesinger,

1982a) which has computed clouds, while the warming obtained 'ay the GFDL sector

model with computed clouds (Manabe and Wetherald, 1980) is larger than that of

the OSU model. The global-mean warming of the preliminary NCAR model simulation

with fixed clouds is larger than that with computed clouds as was already evi-

dent from Fig. 12. This increased sensitivity of the fixed cloud simulation

is manifested in the geographical distribution by fewer and smaller regions of

surface cooling in comparison with the computed cloud simulation (Fig. 11).
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For the quadrupled CO_ concentration the global-mean warming of the

seasonal model of Wetherald and Manabe (1981) is smaller than that of their

annual model, and a similar reduced sensitivity is found for the seasonal

model of Manabe and Stouffer (1980) in comparison with the annual model of

Manabe and Wetherald (1980), albeit these two models also differ in several

other ways (see Table 6). The warming of the annual NCAR model of Washington

and Meehl (1982) is not only smaller than the warming of the annual GFDL models,

it is also smaller than that of the seasonal GFDL models. In fact, the global-

mean warming of the preliminary NCAR model simulation for quadrupled CO2 is com-

parable to the warming of the GFDL models for doubled CO2 (see Fig. 29).

As Table 7 shows, three models have been used to simulate both a CO- doubling

and a quadrupling. Of these, both the OSU model of Gates et al. (1981) and the

GFDL model of Manabe and Wetherald (1980) show that the warming for quadrupling

is virtually equal to twice the warming for doubling, while the preliminary NCAR

model simulations give a ratio of three. This larger response of the NCAR model

is associated with the decrease in the number and size of the regions of cooling

in the 4xCC>2 experiment compared with the 2XCO2 experiment as already discussed.

Table 7 also shows the global-mean surface air temperature of the control

(lxCO-) simulation for each model, the observed value, and their difference.

This reveals that of all the models' simulations of the present climate, only

those of the UKMO and NCAR models are colder than the observed temperature. It

is interesting therefore that, excluding the simulations by Mitchell (1981) and

Gates et al. (1981) with prescribed SST and sea ice, the warming simulated

for both doubled and quadrupled CO2 concentrations is a minimum for the NCAR

model. Moreover, as shown by the top panel of Fig. 29, there is an increasing

relation between the C0_-induced surface air temperature warming and the surface
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air temperature of the control. That is, in the sense of intermodel comparison,

9

the warmer the control the larger the C02~induced warming . According to

Washington and Meehl (1982) this relation could De due to the combined effect

of the nonlinear increase of evaporation with surface temperature as suggested

by Newell and Dopplick (1979), and the resulting increase in the atmosphere's

water vapor content and its contribution to the greenhouse effect.

I have made a preliminary test of the above hypothesis with an RCM in

which the relative humidity was fixed; there were no clouds; the surface heat

exchange was parameterized as a latent heat flux C.(q* - q ) with C a prescribed

transfer coefficient, q* the saturation mixing ratio at the temperature of the

ground and surface pressure, and q the mixing ratio cf the surface air which

changes with surface air temperature T due to the fixed relative humidity. In
3.

this test the temperature of the control was made to increase by decreasing

the prescribed surface albedo from 0.1 to 0.05. Table 8 shows that increased

warming does occur with increased temperature of the control for the smaller

TABLE 8. RCM STUDY OF THE DEPENDENCE OF THE SURFACE AIR TEMPERATURE
WARMING INDUCED BY DOUBLED C02 ON THE TEMPERATURE OF THE
CONTROL SIMULATION

C = 4xlO3Ly day"1 C = 8xlO°Ly day"1

Ta(lxCO2) Ta(2xCO2)-Ta(lxCO,) T

CO (°C) CO (°C)

10.6 3.31 13.9 5.10

5.3 3.27 8.5 5.25

Q

However, in the sense of intramodel comparison, as revealed by the solar
constant sensitivity studies of Wetherald and Manabe (1975, 1980), the
warmer the control the smaller the temperature sensitivity.
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value of C , but the opposite occurs for the larger value. This suggests

that the sensitivity of the warming to the control temperature may depend on

the dynamics. In any event, the changes shown in Table 8 are small in compari-

son with the differences between the models' warmings shown in Table 7 and Fig.

29. This indicates that some explanation other than the one discussed by

Washington and Meehl (1982) may have to be sought to explain these differences.

2) EBM and RCM simulations

Fig. 21 shows the change in surface temperature simulated by EBMs, RCMs

and GCMs for halved, doubled, quadrupled and decupled CO- concentrations. The

characteristics of the individual models used to perform these simulations are

summarized in Table 4.

Focusing attention on the CO doubling we see that both the maximum and mini-

mum values of 9.6°C and 0.1°C have been obtained by the EBMs, namely by Moller (1963)

[model 1] and Sellers (1973) [5], respectively. Similar large temperature changes

have been obtained by Kandel (1981) [27] and small changes by Rasool and Schneider

(1971) [4], Newell and Dopplick (1979) [22], Idso (198^) [23] and Kandel (1981)

[27]. Manabe and Wetherald (1967), Schneider (1975) and Manabe (1982) have

shown that the wide range of warming obtained by Moller (1963) [1] was due to

his use of a model which required an energy balance for the earth's surface

rather than for the entire earth-atmosphere climate system as described in

Section 2.1. Kandel (1981) found a similar explanation for the small values

obtained by Newell and Dopplick (1979) [22] and Idso (1980) [23], but argued

that the surface energy balance model can be reconciled with the planetary energy

balance model. However, uncertainty in the response of the atmospheric water vapor

gives the wide range shown for Kandel's model [27] in agreement with that obtained by

Moller (1963) [1]. In a recent study, Watts (1982) shows that the temperature changes

predicted by surface energy balance models are highly sensitive to the values of
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Fig. 21. The change in surface temperature induced by halving
(1/2X), doubling (2X), quadrupling (4X) and decupling
C10X) the pre-industrial CO2 concentration as simulated
by energy balance models (EBMs), radiative-convective
models (RCMs), and general circulation models (GCMs).
(After Schlesinger, 1982b.)
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their parameters, so much so that Katts concludes that such jnodels are not use-

ful and should be replaced with tropospheric heat balance models. Watts (1982)

also shows that the small warming obtained by Newell and Dopplick (1979) [22]

is the result of not having iterated their surface energy balance model to

its equilibrium solution. Interestingly, Sellers (1974) also discounted his

earlier small warming (Sellers, 1973 [5]) as due to not having run his model suf-

ficiently long to reach equilibrium. Schneider (1975) has discussed the reasons

for the small warming of his earlier study (Rasool and Schneider, 1971 [4]) and

for that of Weare and Snell (1974) [7], If we exclude all of the EBM simula-

tions discussed above from consideration, the range of the warming simulated

by EBMs for a CQ2 doubling is 1.3 to 3.3
CC.

The range of warming simulated by RCMs for doubled C02 is 1.3 to 3.2°C,

in remarkable agreement with that given by EJMs. Augustsson and Ramanathan

(1977) have shown that this range of RCM warmings can be explained by the

models' different treatments of the water vapor and clouds. It was first shown

by Manabe and Iv'etherald (1967) [2] that prescribing the relative humidity in-

stead of the specific humidity approximately doubles the RCM's surface warming,

from 1.3 to 2.4°C with prescribed average cloudiness and from 1.4 to 2.9°C for

a cloud-free atmosphere. This enhancement, or positive feedback, occurs because

the atmospheric water vapor must increase with increasing temperature to maintain

constant relative humidity, and because of the strong greenhouse effect of water

vapor. Augustsson and Ramanathan (1977) showed that when the relative humidity

itself was made an increasing function of the surface temperature, the CO_-induced

warming increased (for the same reasons as described above). They also showed

an enhancement of the warming when the temperature of the cloud tops was

fixed rather than the cloud top altitude. This finding was confirmed by the study

of Hansen et al. (1981). Since RCMs do not predict the water vapor and clouds,
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and because none of the above assumptions regarding these quantities can be

justified on theoretical grounds, it is likely that the range of warming

given by RCMs will not be reduced significantly.

Since all GCMs predict water vapor, ard most predict clouds, it falls to

these models to calculate not only the geographical distribution of the C0_-

induced climatic change - which the EBMs and RCMs cannot do -, but also a

smaller range for the global-mean surface warming. Fig. 21 shows, however,

that even when the prescribed-SST/sea ice simulations of Gates et at. [1981)

and Mitchell (1981) are excluded from consideration, the range of surface

warming from 1.3 to 3.9°C is somewhat larger than that of the purely thermody-

namical models. However, if we exclude the studies of Hansen (1978, 1979)

[14, 16] because they have not been documented, that of Aleksandrov et at.

(1982) [54] because it was made with prescribed sea ice, and that of Washington

and Meehl (1982) because it is only a preliminary result which does not appear

to have reached equilibrium, then the GCM range narrows to 1°C from a minimum

of 2°C (Schlesinger, 1982a [32]) to a maximum of 3°C (Manabe and Wetherald, 1980 [24];

3.3 Simulated precipitation changes

a. CO- doubling

The geographical distributions of the change in precipitation rate simu-

lated by the sector models of Manabe and Wetherald (1975, 1980) for a CO2 doubling

are presented in Fig. 22. (In this and subsequent precipitation figures for

both the doubling and quadrupling, dense shading indicates a decrease, sparse

shading an increase between 2 and 5 nun day" , and hatching an increase greater

than £ - day"1.) This figure shows that the precipitation rate in both simu-

lations ncreased almost everywhere poleward of about 45° latitude, albeit by less

than abou 1 mm day1. Equatorward of this latitude there are large regions where
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PRECIPITATION RATE DIFFERENCE,
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Fig. 22. GFDL model simulations of the change in precipitation
rate (nun day 1) for doubled C02- Dense shading indicates
a decrease, sparse shading an increase larger than 2 mm
day"1. (Source: Manabe and Wetherald, 1975, 1980;
unpublished results.)
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the precipitation rates decreased, as well as increased, and the magnitude of

the changes is larger than that in the high latitudes. Accompanying this in

both simulations there is a much larger longitudinal variation of the changes

in low and middle latitudes than in high latitudes. These features are re-

flected in the changes in the zonal mean precipitation rates which are shown

in Fig. 24. The longitudinal variation equatorward of about 45° latitude

causes cancellation in the zonal means there such that the increased precipi-

tation rate of about 0.3 mm day"1 in high latitudes is comparable to the maxi-

mum decrease in the zonal mean near 40° latitude and the maximum increase near

25° latitude. As shown by Fig. 22 the decrease in the mid-latitude zonal mean

precipitation rate is the result of the extensive region of decreased precipi-

tation that extends from the center of the ocean to the center of the continent

in both simulations. [Recall that cyclical boundary conditions are imposed in

the sector models. Thus there is ocean to the left (west in the Northern Hemi-

sphere) of the continent equatorward of 66.5° latitude in the 1975 simulation

and at all latitudes in the 1980 simulation.] This latter region is the location

of a maximum warming in both simulations as already shown in Fig. 9. Fig. 22

shows that the increased zonal mean precipitation rate near 25° latitude is the

result of the increased precipitation rate over the continent and ocean at this

latitude in the 1980 simulation, and to a similar continental increase combined

with a minimum maritime decrease in the 1975 simulation. Fig. 24 reveals that

the largest difference between the two simulations occurs in the equatorial

region where the 1975 simulation gives an increase of 0.8 mm day"1 and the 1980

simulation a decrease of 0.35 mm day"*. Fig. 24 shows that these equatorial

differences occur predominatly over the ocean where increased precipitation

occurs in the 1975 simulation and decreased precipitation in the 1980 simulation.

SVhile clouds were predicted in the 1980 simulation and were fixed in the 1975

simulation, it is premature to ascribe the differences in equatorial maritime
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precipitation to cloud feedback (Ketherald, 1982, personal communication).

Fig. 23 shows the geographical distribution of the change in precipitation

rate simulated by the OSU model (Schlesinger, 1982a) for C0_ doubling. It can

be seen that unlike the surface air temperature (Fig. 10), the precipitation

rate decreased, as well as increased, over a large fraction of the earth's

surface. In general the largest changes in precipitation occurred between 30°S

and 30°N latitudes. Increases in the precipitation rate by more than 2 mm day

are located predominantly on or near the equator over Indonesia, northeast of

New Guinea, the central Pacific Ocean, Equador and central East Africa. The

latter region coincides with the decrease in surface air temperature shown in

Fig. 10. Decreases in the precipitation rate by more than 2 mm day are lo-

cated over the Arabian Sea-Indian Ocean, the Coral Sea, north of the Gilbert

Islands, the Atlantic Ocean and North Africa. The regions of increased preci-

pitation dominate, however, so that there is an increase in the zonal mean pre-

cipitation rate around the equator as shown by Fig. 24. This is in agreement

with the increase simulated by the GFDL sector model of Manabe and Wetherald

(1975). However, there is disagreement between the changes in these models'

zonal means in the Northern Hemisphere where the OSU model simulates a de-

creased precipitation rate in the subtropics and an increased rate in mid-

latitudes, while both the 1975 and 1980 GFDL models simulate the reverse.

Interestingly, there is better agreement in the Southern Hemisphere, not only

in the subtropics and mid-latitudes, but also in high latitudes where all three

models simulate an increase. (However, recall that there is only one hemisphere

in the sector models.) In the high latitudes of the Northern Hemisphere all

three models simulate an increase in the precipitation rate, with that of the

OSU model being smaller than that of the GFDL models. This occurs, at least

in part, because there are regions of decreased precipitation rate in the high
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Fig. 23. OSU model simulation of the change in precipitation
rate (nun day 1) for doubled CO2. Dense shading
indicates a decrease, no shading an increase between
0 and 2 mm day 1, sparse shading an increase between
2 and 4 mm day"1 and hatching an increase in excess
of 4 mm day"1. (Source: Schlesinger, 1982a.)
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latitudes of both hemispheres in the OSU simulation (Fig. 23), while such

negative regions are virtually absent from high latitudes in the GFDL simu-

lations (Fig. 22).

The changes in the zonal mean precipitation rate for the preliminary

doubled C02 simulation by the NCAR model (Washington and Meehl, 1982) with

both computed and fixed clouds are shown in Fig. 24. (The corresponding

geographical distributions were not available.) Both of the NCAR simulations

show an increase in the equatorial precipitation rate, with the maximum in-

crease for fixed clouds smaller and shifted northward compared to that for

computed clouds. Both simulations show a maximum decrease near 10°N, in

agreement with the 1975 GFDL simulation, and a maximum increase near 25°N

in agreement with both the 1975 and 1980 GFDL simulations. Both NCAR simu-

lations also show a maximum increase between 40°N and 50°N, as does the OSU

model, and generally increased precipitation in high northern latitudes, in

agreement with both the OSU and GFDL models. The NCAR results show greater

disagreement between each other in the Southern Hemisphere. The model with

computed clouds simulates a decrease in the zonal mean precipitation rate

near 30°S and 65°S, while the model with fixed clouds simulates increased rates

near these locations. However, both simulations generally show an increase in

the precipitation rate poleward of about 40°S, in agreement with both the GFDL

and OSU simulations.

Fig. 24 also shows the changes simulated by the OSU model with prescribed

sea surface temperature and sea ice. It is evident that these changes are not

only generally considerably smaller than those of the other models, they are

negative almost everywhere.
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Fig. 24. The change in zonal mean precipitation rate (AP)
simulated by six GCMs for doubled CCb. The data
of Manabe § Wetherald (1975, 1980) are plotted
symmetrically about the equator. (All data are
unpublished results.)
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b. C02 quadrupling

The geographical distribution of the change in precipitation rate simu-

lated by the sector model of Manabe and Wetherald (1980) for a C02 quadrupling

is presented in Fig. 25. A comparison of this figure with the lower panel of

Fig. 22 for the CO. doubling with this model shows that there are many quali-

tative similarities. In particular, the precipitation rate increases almost

everywhere poleward of about 45° latitude, there are decreases as well as

increases equatorward of this latitude, the magnitude of the changes in low

latitudes is much larger than that in high latitudes, and the longitudinal

variations are larger in low latitudes than in middle and high latitudes.

These similarities in the geographical distributions of the changes in preci-

pitation rate for the quadrupling and doubling simulations of Manabe and

Wetherald (1980) lead to the similarity of the respective changes in the zonal

mean precipitation rates which are evident from a comparison of Figs. 28 and

24. Both figures show a decrease near the equator which is the result of the de-

creased precipitation rate over the ocean shown by Figs. 25 and 22. The zonal

means for th^ quadrupling and doubling both show increased precipitation rates in

the subtropics and high latitudes, and a small region of decreased precipitation in

the middle latitudes. This latter feature is the result of the decrease in preci-

pitation rate which occurs over the western half of the continent and eastern half of

the ocean (if the sector is taken to be the Northern Hemisphere) at 40° lati-

tude for both the quadrupling and doubling. There is also agreement in the

locations of the regions of increased and decreased precipitation over the

southeastern section of the continent. However, the increased precipitation

which occurred over the southwestern coast in the doubling is replaced with a

weak decrease in the quadrupling. It is evident that there are other differences

between the two simulations, and that the changes shown fcr the quadrupling
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Fig. 25. GFDL model simulation of the change in precipitation
rate (mm day-1) for quadrupled CO2. Dense shading
indicates a decrease, sparse shading an increase
between 2 and 5 mm day-i, hatching an increase larger
than 5 mm day*. (Source: Manabe and Wetherald, 1980;
unpublished result.)
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are not simply twice those for the doubling. There is more similarity for the

changes in the zonal means for the quadrupling and doubling but, again, the

former is not simply twice the latter.

Fig. 26 shows the geographical distributions of the change in the annual-

mean precipitation rates simulated by the annual and seasonal models of

Ketherald and Manabe (1981) for the CO2 quadrupling. A comparison of these

results reveals several interesting similarities and differences. First, there

are only increases in the precipitation rate poleward of about 45° latitude

in both simulations, and there are both decreases and increases equatorward

of this latitude. Second, both the annual and seasonal simulations display

reduced precipitation rates in mid-latitudes over the eastern ocean and

western continent, as well as over the western part of the ocean in low lati-

tudes. However, the seasonal model simulates increased precipitation rates

everywhere over the continent in low latitudes, as well as over the eastern

ocean, while the annual model does not. These similarities and differences

are reflected in the changes in the zonal mean precipitation rate shown in

Fig. 28. In the equatorial region there is an increase in the zonal mean in

the seasonal model simulation in qualitative agreement with the larger increase

in the simulation with the annual model. Also, both model simulations show

increased zonal mean precipitation rates in the subtropics and high latitudes,

while only the annual model simulation has a decrease in mid-latitudes. Un-

doubtedly, some of the differences in the zonal mean precipitation rate 12-

flect the considerably smaller changes seen in the simulation with the seasonal

model compared with those for the annual model simulation (Fig. 26). This

does not mean that the changes in the seasonal simulation are small throughout

the year; rather, it indicates that there is cancellation due to the seasonal

variation of the changes. (This is evidenced by the latitude-time distributions

shown by Wetherald and Manabe, 1981). A similar effect was seen in the seasonal
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Fig. 26. GFDL model simulations of the change in precipitation rate
(mm day!) for quadrupled CO2. Shading as in Fig. 25.
(Source: Wetherald and Manabe, 1981; unpublished results.)
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model simulation of surface air temperature in comparison with that for the

annual model (Fig. 17). The results for the precipitation rate also indicate

that there is a non-negligible influence of the seasons on the annual-mean

climate.

The geographical distribution of the change in the annual-mean precipitation

rate simulated by the seasonal model of Manabe and Stouffer (1980) is shown in

Fig. 27. (The hydrological aspects of this simulation are also referred to in

the following v.s those of Manabe, Wetherald and Stouffer, 1981.) This figure

shows the predominance of precipitation rate increases poleward of about 45°

latitude in both hemispheres. This agrees with the results of the GFDL sector

models (Figs. 22, 25 anci 26), but not with that of the OSU model (Fig. 23),

and is also apparent in the increased zonal mean precipitation rates in high northern

and southern latitudes shown by Fig. 28. Fig. 21 also shows regions of both

decreased and increased precipitation rates between about 45°N and 45°S, with

the largest changes between ±30° latitude, in agreement with the OSU global

model and the GFDL sector models. The magnitude of the largest changes in Fig.

27 for the C0_ quadrupling are smaller than those of the OSU model for doubling

(Fig. 23). As suggested by the discussion in the previous paragraph, this

probably occurs because the GFDL simulation is seasonal, while the OSU simu-

lation is not. However, it is interesting that the location and sign of several

of the extreme precipitation rate changes agree in the two simulations. For

example, both models simulate increased precipitation over central East Africa

and decreased precipitation extending southeastward from the equator at 60°£

longitude. There are also many differences between the two simulations; for

example, over most of the United States the OSU model simulates an increase,

and the GFDL model a decrease, in the precipitation rate.
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60S

87.75S

Fig. 27. GFDL model simulation of the change in the annual-mean
precipitation rate (mm day-1) for quadrupled CO2.
Shading indicates a decrease. (Source: Manabe and
Stouffer (1980)/Manabe, IVetherald and Stouffer (1981);
unpublished result.)
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Fig. 28. The change in zonal mea:̂  precipitation rate (AP) simu-
lated by six GCMs for quadrupled CO2. The data of
Manabe S Wetherald (1980) .md Wetherald $ Manabe (1981)
are plotted symmetrically abont the equator. (All data
are unpublished results.)
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The changes in the zonal mean precipitation rate simulated by the global

GFDL model (Manabe, Wetherala and Stouffer, 1981) are positive almost every-

where and, in particular, there is again no large decrease near the equator

as found by Manabe and Wetherald (1980). Similar changes are seen for the

NCAR model simulation, with a maximum equatorial increase that is very similar

to that of the Ketherald and Manabe (1981) annual simulation, and increases

in high latitudes which are of comparable magnitudes to those of the GFDL

models. (The geographical distribution of the change in precipitation rate

was not available for the NCAR model.) In contrast, the change in zonal mean

precipitation rate simulated by the OSU model with prescribed SST and sea ice

(Gates et al., 1981) is again negative almost everywhere.

c. Comparison of global-mean precipitation rate changes for doubled

and quadrupled CO-,

A summary of the precipitation rate changes simulated by eight GCMs for

CCu doubling and quadrupling is shown in Table 9 in terms of the area-averaged

precipitation rate. As in Table 7, the annual-mean change is presented in

Table 9 for the seasonal models of Manabe and Stouffer (1980), Wetherald and

Manabe (1981), Mitchell (1981) and Gates et al. (1981). The changes in pre-

cipitation rate simulated by the models are also shown in Table 9 as a per-

centage of the corresponding control precipitation rate. The latter is also

shown in the table, along with its difference from the observed global-mean

precipitation rate.

The precipitation rate P for each control simulation is shown plotted in

the lower panel of Fig. 29 versus its corresponding surface air temperature T .

The observed values of precipitation rate and surface air temperature are also

shown by the cross labelled OBS. It is evident that the seasonal simulations

with the global GFDL model of Manabe and Stouffer (1980) [20] and the OSU model

of Gates et al. (1981) [25] are identical and closest to the observed climate;
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TABLE 9. AREA-MEAN ANNUAL-MEAN PRECIPITATION RATE

AND CO2-INDUCED PRECIPITATION RATE CHANGE

MODEL

Manabe 6 Ketherald (1975) (8]b

(300, 600, — ) c

Manabe 5 Ketherald (1980) [241
(300, 600, 1200)

Manabe 6 Stouffer (1980) [20]
(300, — , 1200)

1 Wetherald & Manabe (1981)d [30)
1 (300, — , 1200)

Washington 6 Meehl (1982)' [33]
(350, 660, 1320)

Mitchell fl931) [28)
(320.-, 641.4, — )

Gates, Cook 6 Schlesinger (1981)
(32o, 644, 1289) [25]

Schlesinger (1982) [32]
(326, 644, — )

lxC02
(mo day'

2.55

2.58

2.69

2.5S
2.40

3.09
j.09

2.83

2.69

2.73

lxCO2-OBSa

(ran day"1)

-0.10

-O.07

0.04

-0.3O
-0.25

0.44
0.44

0.18

0.04

C.J8

2xCO2-lxCO2
(nun day-I)

0.20

0.18

—

—

0.06
0.12

-0.07

-0.04

0.14

2xCO,-lxCO2
100 lxC(>2

(percent)

7.8

7.0

—

1.9
3.9

-2.5

-1.5

5.1

4xCO2-lxCO2

—

0.30

0.18

0.30
0.24

0.21

—

-0.09

—

4xCO2-lxCO2

1 0 0 lxCO2

(percent)

—

11.6

6.7

12.8
10.0

6.8

—

-3.3

—

aObserved value of 2.65 nun day*' from Jeager (1976).

These numbers correspond to those in Tables 4 and 7, and Figs. 29 and 30.

CCO concentrations in ppm for lxCO^, 2xC0, and 4xC0,.

First row is for annual mean insolation, second row is for seasonal insolation.

ePrelirainary results. First row is for predicted clouds, second row is for prescribed clouds.
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albeit the OSU model used prescribed SST and sea ice, while the GFDL model pre-

dicted SST from a 68 m mixed layer ocean model and sea ice from a thermodynamic

model. Both the seasonal and annual simulations of Iv'etherald and Manabe (1981)

[30] employed the same ocean and sea ice models as those of Manabe and Stouffer

[20], but their simulated T and P are warmer and smaller, respectively, than the
a

observed. This increased discrepancy of the [30] simulation compared with that

cf [20] is likely, in part, the result of [30] using a sector model in contrast to

the global model of [20]. When the mixed layer ocean and thermodynamic sea ice

models are replaced with a swamp ocean in the sector model, as in [24] (Manabe

and Wetherald, 1980), the temperature error increases considerably while the

precipitation error decreases. A more accurate portrayal of the present cli-

mate with a swamp model, at least insofar as temperature, is given by the OSU

model [32] (Schlesinger, 1982a). However, it is seen that the preliminary NCAR

simulations with a swamp model for both computed and fixed clouds [33] have

relatively larger temperature and precipitation errors. The results shown in

the bottom panel of Fig. 29 suggest a decreasing relation between the precipi-

tation and surface air temperature in the control simulations; that is, in the

sense of interniodel comparison, the warmer the control the smaller the control

precipitation rate.

Table 9 shows that, with the exceptions of the UKMO and OSU models with

prescribed SST and sea ice (Mitchell, 1981 and Gates et al., 1981), all of the

models simulate an increase in the global-mean precipitation rate for both

doubled and quadrupled COj. The decreased precipitation rates simulated by

the models in which the SST is prevented from wanning in response to the en-

hanced downward IR radiation from the increased CXU may occur because the sur-

face evaporation is thereby inhibited from increasing while the atmosphere

warms slightly (see Table 7). The joint effect would be to reduce the relative



III.93

c
o
o

=>
C

E *-
c
I
0)
Q.
X
a>

o

E
S

ro
l

on
t

o
a."

3.0

2.5

2.0

I f !

33** 33
_

-

_

i . .

1

8.
20.
24.
25.
28.
30.
32.
33.

«

OBS

1 . • . .

Manabe and Wetherald

1 . . . .
(1975)

Monobe ond Stouffer (1979,1980)
Manabe and Wetherold
Gates etal. (1981)
Mitchell (1980
Wetherald and Manabe
Schlesinger (1982)
Washington and MeshI

• 3 2
'20,25

30

(1980)

(1981)

(1982, Preiim.)

8

-

-

10 15 20

X,, control (°C>
25
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temperature induced by doubled («) and quad-
rupled (+) CO2 versus the global-mean surface
air temperature of the control simulation for
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tation rate of the control simulation versus
the global-mean surface air temperature of
the control simulation for eight GCMs.
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humidity of the atmosphere and thereby reduce at least the non-convective

precipitation.

Table 9 shows for doubled CO- that the preliminary NCAR model simulation

with computed clouds (Washington and Meehl, 1982) gives the smallest increase

in the global-mean precipitation rate. This increase is doubled as a result

of fixing the clouds in the NCAR model. The largest increase in the global-

mean precipitation rate is simulated by the GFDL model of Manabe and WeTherald

(1975), while the OSU model of Schlesinger (1982a) simulates an increase some-

what larger than that of the NCAR model with fixed clouds.

If the simulated precipitation rate increases for the doubling and quad-

rupling, AP, are plotted versus their corresponding surface air temperature

increases, AT , as shown in the top panel of Fig. 30, it can be seen that there

is an increasing relation. That is, in the sense of intermodel comparison, the

larger the simulated warming the larger the increase in the simulated precipi-

tation sate. Because the global-mean surface evaporation rate must equal the

global-mean precipitation rate for an equilibrium simulation, the above relation

implies an identical relation between the surface evaporation increase and the

surface air temperature warming. Both relations are the result of the increase

of the surface saturation mixing ratio with temperature (due to the Clausius-

Clapeyron relation between saturation vapor pressure and temperature) and,

presumably, a smaller increase in the water vapor mixing ratio of the surface

air. The latter needs to be verified by further analysis of the models' results.

If the above relation between AP and AT for any particular model were
3.

linear, then the ratio of AP for quadrupling to AP for doubling would equal the

ratio of AT for quadrupling to AT for doubling. (This assumes that AP=0 for

\~,=fj.) The results for the Manabe and Wetherald (1980) doubling and quadrupling

;..nul3lions, as well as those for the NCAR model, show that this is not the

--<;;. This indicates, therefore, that the AP-AT relation is nonlinear, at
3.

<*;**; - ;-,v.' *hsse models.



III.95

~
o

• o

E
E
*-*
"o

c
o
o

a."

3.0

2.5

2.0

-

-

_ *28

-

8.
20.
24.
25.
28.
30.
32.
33.

>5

Manabe and
Manabe and
Manabe and
Gates et al.

• 3 3

Wetherald

1 ' 1 ' 1
*33 +33

-

•32 2°

24. + -
•e 24T

(1975)
Stouffer (1979,1980)
Wetherald
(1981)

Mitchell (1981)
Wetheraid and Manabe
Schlesinger
Washington

(1982)
and Meehl

(1980) T30 . "
30+ _

(1981)

(1982, Prelim.)

I . 1 i l ~
O.I

Fig. 30.

0 O.I 0.2

AP, experiment minus control (mm day"')
0.3

Top: The change in global-mean surface air tempera-
ture induced by doubled (•) and quadrupled C02 versus
the change in global-mean precipitation rate for eight
GCMs. Bottom: The global-mean precipitation rate of
the control simulation versus the change in global-
mean precipitation rate induced by doubled (•) and
quadrupled (+) CO2 for eight GCMs.



III.96

Since AP increases with AT , and ATO increases with T of the control,
a a a

AP must increase with T . In other words, again in the sense of intermodel

comparison, the warmer the control the larger the COg-induced precipitation

rate increase. For this reason the precipitation rate increase simulated by

the seasonal model of Manabe and Stouffer (1980) [20] is smaller than that of

the annual model of Manabe and Wethexald (1980) [24] , and similarly for the

seasonal and annual models of Wetherald and Manabe (1981) [30].

As already shown by the bottom panel of Fig. 29, P of the control simu-

lation tends to decrease with increasing T of the control. Since AP increases

3.
with T , there is a tendency for AP to decrease with increasing P of the control.

3.

This is substantiated by the bottom panel of Fig. 30. (There must be separate

relations for the doubling and quadrupling.) As a result, in the sense of

intermodel comparison, there is a tendency toward the fact that the varmsr the

control the larger the percentage increase in the precipitation rate.

3.4 Simulated soil moisture changes

a. COj doubling

The geographical distribution of the soil moisture change simulated by

the sector model of Manabe and Wetherald (1980) is presented in Fig. 31. This

figure shows that the soil moisture decreased almost everywhere poleward of

35° latitude and increased over most of the continent equatorward of this lati-

tude. The maximum drying of the soil occurs in a band centered near 40°

latitude that stretches from coast to coast. This drying band is the most

prominent feature of the zonal mean soil moisture change shown in Fig. 33

(from data over the continent only). This latter figure also reveals a weak

drying in high latitudes and a larger moistening in the subtropics and tropics.

The changes of soil moisture in high latitudes in the annual-mean sector
model may not be a meaningful indicator of hydrologic change there because
this area is covered by snow. (Wetherald, 1982, personal communication.)
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LONGITUDE

Fig. 3]. GFDL model simulation of the change in soil
moisture (cm) for doubled CO2. Sparse shading
indicates a decrease smaller than 0.5 cm, dense
shading a decrease larger than 0.5 cm.
(Source: Manabe and Wetherald, 1980.)
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Fig. 31 shows maximum soil moisture increases along the equator on the western

and eastern coasts and in the continental interior. Increases are also found

at 10° and 30° latitude over the eastern half of the continent. A comparison

of Fig. 31 with Fig. 9 shows that there ia a tendency for the tropical and

mid-latitude regions of minimum and maximum warming to occur where the soil is

moistened and dried, respectively. Similarly, there is a tendency for the

tropical and mid-latitude regions of increased and decreased soil moisture to

occur where the precipitation rate increased and decreased, respectively, as

can be seen by comparing Figs. 31 and 22.

While the above relation between the changes in precipitation rate and

soil moisture appears to be intuitively correct, it is not entirely evident

that it must hold from the governing soil moisture balance equation

3t = p + S - E - R. (1)
r m s v '

Here W is the soil moisture which changes in time (3W/3t) due to the addition

of water by the precipitation that falls as rain (P ) and the melting of snow

(S ), and the subtraction of water by the surface evaporation (E ) and runoff

(R). In equilibrium the time-averaged (denoted by superior bar) soil moisture

(W) is constant (3W/3t = 0), and the time-averaged soil moisture sources and

sinks must balance, that is,

r m s K J

When the C0_ level is changed there is a change (denoted by A) in the equilibrium

climate. The difference between the equilibrium climates, insofar as the soil

moisture balance, is given by (2) as
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R)

AP"r + ASm = AEs + AR. (3)

In other words, the changes in the soil moisture sources and sinks must balance.

However, equation (3) does not give any information about the change in the

equilibrium soil moisture AW. That information can only be obtained as a result

of the integrated effect of the soil moisture sources and sinks over time as

the climate changes from equilibrium state 1 to equilibrium state 2 as a result

of increased C0_. That is, from (1)

- f^M f*2
- R) dt. (4)

Consequently, it is interesting that thsre appears to be a positive correlation

between AW and tiP . What may be occurring is the following. Suppose in equili-

brium state 1 the snowmelt S and runoff R, are both zero so that by (2)

E" , = F , and W, is constant. Consider now that the CO., concentration is
s,l r,1 1 *

changed and in response P changes to P , + AP but E remains essentially

equal to E ,. Then by (1), |f = P,. , + AP^ - Ec , = AP . and the soil mois-

ture must change in the same direction as APr. As this occurs, Eg must change

in the same direction toward P , + AP so that a new equilibrium can be reached
r, i r

in which W <ich I , = P _ and W is constant. Thus, if AP" £ 0, then AW < 0 and
5 )^ TjZ Z X"

AFAF < 0. Since evaporation acts to cool the surface, the changes above should

result in AT > 0.

Fig. 32 shows the geographical distribution of the change in soil moisture

simulated by the OSU model of Schlesinger (1982a). This figure shows a small

moistening of the soil over most of the contiguous United States, western Europe,

central Asia, and northern Australia, and a larger increase in the soil moisture
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Fig. 32. OSU model simulation of the change in soil moisture (cm)
for doubled CO2. Dense shading indicates a decrease and
sparse shading an increase. The unshaded regions indicate
either ocean or glacier ice. (Source: Schlesinger, 1982a.)
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over the Plateau of Tibet and in central East Africa. A large drying of the

soil is simulated in Canada, North Africa and to the east of the Himalaya Moun-

tains, and smaller drying in Mexico, central Europe to western Asia, and southern

Australia. By comparing Fig. 32 with Fig. 10 it can be seen that the changes in

surface air temperature tend to be negatively correlated with the changes in

soil moisture; that is, regions of maximum warming often occur where the soil

moisture decreased, particularly over the deserts, while regions of reduced

warming or even cooling occur where the soil is moistened. The latter is par-

ticularly evident in central East Africa where the surface air temperature ac-

tually decreased as a consequence of the enhanced evaporation (not shown) over

the moistened soil. A comparison of Fig. 32 with Fig. 23 also shows the tendency

for the change in soil moisture to be positively correlated with the change in

precipitation rate. For example> both the precipitation rate and soil moisture de-

creased over North Africa, and both increased substantially over central East

Africa. These correlations between AT and AlV, and between AW and AP are

a r
the same as evidenced by the sector model of Manabe and Wetherald (1980).

The changes in the zonal-mean soil moisture over land simulated by the

GFDL and OSU models are presented in Fig. 33. A comparison of the results of

the 1975 and 1980 sector model simulations of Manabe and Wetherald shows quali-

tative agreement in the tropics and subtropics, where the soil moisture increased

in response to the doubled CCL, and quantitative agreement in the position and

intensity of the mid-latitude desiccation region. However, differences in

intensity and sign are evident in high latitudes. These may reflrct the dif-

ferent land-ocean geometries poleward of 66.5° latitude in these sector models.

For the OSU model the soi1 moisture increase in East Africa and, to a lesser

extent in northern Australia, leads to an increase in the zonal-mean soil

moisture in the tropics. This generally agrees with the result of the GFDL

models. The zonal-mean soil moisture in the OSU simulation decreased near
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2.4

SOIL MOISTURE DIFFERENCE, 2xCO2-lxCO2

2.0
Manabe 8 Wetherald (1975)
Manobe 8 Wetherald (1980)
Schlesinger (1982)

-1.6
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90 N 70 50 30 ION IOS

Latitude
30 50 70

Fig- 33. The change in zonal mean soil moisture (over land only)
simulated by three GCMs for doubled C02. The data of
Manabe § Wetherald (1975, 1980) are plotted symmetrically
about the equator. (All data are unpublished results.)

90S
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30°N due to the desiccation in the Sahara, and decreased near 40°S due to the

drying in South Africa and southern Australia. There is an increase in soil

moisture at 50°S which is solely due to the change in the single grid box in

South America at this latitude, and an increase near 35°N predominately due

to the increase over the United States and Himalayas. This increase is in

marked contrast to the mid-latitude drying simulated by the GFDL model. How-

ever, both the OSU and GFDL models simulate drying over most of the high

latitudes of the Northern Hemisphere.

The change in soil moisture simulated by the NCAR model with fixed clouds

(Washington and Meehl, 1982) is shown in Fig. 34. This figure shows the regions

of persistent drying and moistening rather than the actual values of the so: 1

moisture changes as in Figs. 31 and 32. Fig. 34 shows that persistent soil

moisture increases occurred predominately in the high latitudes in both hemi-

spheres. (Note the changes in soil moisture are shown over glacier ice and

sea ice and/or ocean. The NCAR model carries the "soil moisture" for these

surfaces through a budget equation such as (1), and the changes for these

surfaces reflect the snowmelt S .) Persistent soil moisture decreases are

located over Australia, the Amazon River Basin, the central eastern U.S.,

central Europe, most of Asia, and Ethiopia. A comparison of Fig. 34 with Fig.

32 indicates that the changes in soil moisture simulated by the NCAR model (with

fixed clouds) and the OSU model (with computed clouds) are of the same sign in

some regions (southern Australia, the Amazon River Basin, central eastern U.S.,

eastern Canada, Sahara, central Europe, northeast of the Caspian Sea and south-

east Asia), and of opposite sign in others (northern Australia, Peru, and south-

west U.S.).
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Fig. 34. Preliminary simulation of the change in soil moisture for
doubled CO2 given by the NCAR model with fixed clouds.
Cross hatching indicates regions where there was a decrease
in soil moisture in the experiment compared to the control
during all seven 30-day segments of the last 210 simulated
days. Hatching indicates regions where 6 of 7 segments were
drier, and stippling 5 of 7 segments. Dashed contours in-
dicate regions of increased soil moisture during at least
5 of the seven 30-day segments. (Source: Washington and
Meehl, 1982.)
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b. CO_ quadrupling

Fig. 35 shows the change in soil moisture simulated by the sector model

of Manabe and IVetherald (1980) for quadrupled CO-. Comparing this figure with

Fig. 31 for the doubling shows that there are many similarities. In particular,

the general decrease of soil moisture poleward of about 35° latitude, the band

of strong drying centered near 40° latitude stretching across the continent, and

the general increase in soil moisture equatorward of 35° latitude, particularly

along the east coast. The principal differences between the soil moisture changes

induced by quadrupled and doubled C0_ are found in the polar region, where there

is an increase for the quadrupling but not for the doubling, and along the west

coast in the tropics and subtropics, where there is a drying for the quadiupling

but generally not for the doubling. The latter difference is also seen for

the precipitation rate, particularly near the equator where there was an increase

for the doubling (Fig. 22), but a decrease for the quadrupling (Fig. 25). Finally,

it is evident that the changes in soil moisture for the quadrupling are in mag-

nitude quite similar to those for the doubling, and are certainly not twice as

large.

The changes in the annual-mean soil moisture simulated by the annual and

seasonal models of Ketherald and Manabe (1981) are shown in Fig. 36. Compari-

son of these results reveals several remarkable differences. First, the sea-

sonal model simulates a very large moistening in high latitudes in contrast

to the small drying simulated by the annual model. Second, the intense mid-

latitude drying belt in the annual model simulation is bToader and much stronger

than that in the seasonal model simulation. Finally, the extremes of drying

and moistening simulated by the seasonal model in the tropics, particularly

over the east coast, are weaker than those simulated by the annual model.

The smoothing and weakening of the changes in soil moisture in low and middle
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Fig. 35 . GFDL model simulation of the change in soil
moisture (cm) for quadrupled CO2. Sparse
shading indicates a decrease smaller than
0.5 cm, dense shading a decrease larger than
0.5 cm. (Source: Manabe and 5fetherald,
1980.)
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SOIL MOISTURE DIFFERENCE, 4xC0 2 - l xC0 2 (cm)

GFDL Model (Wetherald a Manobe, 1981)
Annual Model Seasonal Model

90°

Longitude

0°
0°

Longitude

Fig. 36. GFDL model simulations of the change in soil moisture
(cm) for quadrupled CO2. Stipple indicates a decrease.
(Source: Wetherald and Manabe, 1981; unpublished results.)
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latitudes which are simulated by the seasonal model in comparison with the

annual mode] were also found for the surface air temperature (Fig. 17) and

the precipitation rate (Fig. 26). What was not shown in those temperature

and precipitation comparisons, however, is the reversal of sign and amplifica-

tion exhibited by the soil moisture changes in high latitudes. As shown by the

bottom panel of Fig. 37, this is the result of the large asymmetry in the

seasonal variation of the soil moisture changes in high latitudes, with the

large increases from October through April dominating the small decreases from

May through September. This summer drying is also simulated by the global

seasonal model of Manabe and Stouffer (1980) over both middle and high latitudes

of Asia and North America as shown in Fig. 38.
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Fig. 37. GFDL model simulation of the seasonal variation of the
change in (a) the zonal mean P-E (cm day"1) and (b) soil
moisture (cm) for quadrupled C02. (Source: Wetherald
and Manabe, 1981.)



March-April-Moy June-July-August

90N

Lower resolution model (G15)Lower resolution model (615)

30 60 90 120 150 ISO ISO 12090 120 ISO ISO ISO 120 90 60 300 1° T '

. Higher resolution model (G21) Higher resolution model (621)

30 -

60

90S

Fig. 38. GFDL model simulation of the change in soil moisture (cm) for quadrupled C02. The upper
and lower panels are simulations with 15 and 21 waves, respectively (for both longitude
and latitude, see Table 6), and the left and right panels are for northern hemisphere
spring and summer. (Source: Manabe, Wetherald and Stouffer, 1981.)



III.Ill

4. Discussion

In the pieceding section we have compared the changes in temperature,

precipitation rate and soil moisture induced by doubled and quadrupled CO- con-

centrations as simulated by atmospheric GCMs coupled to two different models of

the ocean. For the first, or swamp ocean model, the simulations were performed

only for annual-mean insolation; while for the second, or slab mixed layer ocean

model, the simulations employed the annual cycle of insolation. The comparisons

which have been made between these seasonal and annual models clearly show that

the annual-mean climate change simulated by a model is dependent upon whether or

not the annual cycle of solar forcing is included. For the temperature and pre-

cipitation rates there is a general smoothing of the change in the annual mean

change due to the geographical shift of the changes with season, while this leads

to a sign reversal and an intensification for the annual-mean soil moisture

change in high latitudes in the sector model simulations of Wetherald and

Manabe (1981). Moreover, it is the seasonal cycle of the CCU-induced

climatic change which is likely to be of importance for the impacts to humanity,

not just the change in annual-mean climate. Consequently, future simulations

of possible CO2-induced climatic changes should be performed with seasonal models.

This will require an ocean model other than the swamp model and, therefore,

extended integration periods to reach equilibrium (see below). Furthermore,

such simulations should be performed with hydrodynamic ocean models so that

the oceanic heat transport is included. This may be of particular importance

in the calculation of the change in sea ice resulting from increased C0_ and,

in turn, the poleward amplification of the CO--induced warming (see below).

The above notwithstanding, the simulations of C0--induced climate change

which have been made with atmospheric GCMs coupled with swamp ocean models have

been useful to identify whether the projected increasing level of CO- could cause

a climatic change of non-trivial proportion. The utility of these models is
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that they allow the ocean to participate and feedback on the climate change of

the atmosphere, unlike the case when the sea surface temperature and sea ice

are prescribed, and they reach their equilibrium climatic state in a relatively

short time due to the absence of oceanic heat storage (see below). Furthermore,

because such simulations have now been carried out with different atmospheric

GCMs, it is possible to identify the model dependence of the simulated C0_-

induced climate changes. This will also be possible to do for atmospheric GCMs

coupled with more realistic models of the ocean, but as noted previously, this

will require considerably longer numerical integrations. Consequently, it

behooves us to make the maximum possible use of the extant simulations with

swamp ocean models, and to continue to use these models as necessary to further

understand the causes for the model dependencies.

In the following we summarize the model-dependent results which are apparent

from the preceding comparison, and discuss two possible causes of such

model dependence.

4.1 Model dependent results

The comparisons of section 3 have shown that the simulated changes in

the global-mean surface air temperature and precipitation rate induced by doubled

and quadrupled C02 are model dependent results (Table 7, Fig. 21, Table 9).

However, when these results are plotted as in Figs. 29 and 30 we have seen that

in the sense of intermodel comparison:

1) the warmer the control, the larger the CO^-induced warming;

2) the warmer the control, the larger the CO^-induced precipitation

rate increase;

3) the warmer the control, the tendency toward a larger percentage in-

crease in the precipitation rate;

4) the warmer the control, the smaller the control precipitation rate.

These findings suggest that the differences among the models' sensitivities to
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increased CO, levels, at least insofar as the changes in global-mean temperature

and precipitation, are linked to the differences among the models' simulations

of the control climate. If this is correct, then the models' sensitivites

should converge as their simulated control climates converge. And it appears

that this convergence should happen simultaneously for precipitation and tem-

perature. Fig. 29 shows that the controls for models 20 and 25 are quite close

to the observed present-day climate. What is remarkable about this is not

that the simulated temperatures are identical and close to the observed, because

the sea surface temperature was prescribed in model 25 and some tuning was

performed in model 20 (evidenced by the choice of mixed layer depth), but rather

that the simulated precipitation rates for both models are also identical and

close to the observed value. This suggests that if the control temperature of

(annual) model 33, for example, were somehow made closer to that of (seasonal)

model 20, the control precipitation rate of model 33 would become closer to that

of model 20. Then not only should AT of model 33 approach that of model 20,
a.

but AP of model 33 should also approach that of model 20. If this conjecture

is valid, then the differences in the models' sensitivities lies in the dif-

ferences in the models' control simulations, not only for temperature as postu-

lated by Washington and Meehl (1982), but for precipitation (and perhaps other

quantities) as well. In this case it is of paramount importance to understand

the reasons for the differences in the models' control simulations.

Model dependent results are also exhibited by the zonal-mean climatic changes

resulting from doubled and quadrupled CO- concentrations. Of particular promi-

nence is the difference in the poleward amplification of the surface temperature

warming: the GFDL models give polar warmings about five -times those

in the tropics, the OSU model about two, and the NCAR models about one. While
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the low value of poleward amplification simulated by the OSU model compared

with that of the GFDL model could be the result of a weaker or missing inversion

due to the OSU model's coarse vertical resolution, this cannot be the cause of

the even smaller polar amplification of the NCAR model because it has the same

vertical resolution as the GFDL model. Alternatively, the comparatively large

warming of at least the GFDL sector models may be due to the temperature depen-

dence of the surface albedo for snow and ice which was not in the NCAR or OSU

models. As shown in Table 6 and discussed in Section 3.Id, the albedo in the GFDL

sector models decreased discontinuously at some critical temperature below

freezing. Consequently, there should be an ice-albedo feedback (temperature

increase causes a reduction in ice/snow and thus a decrease in surface albedo,

this causes an increase in absorbed solar radiation and thereby a further tem-

perature rise) at the sub-freezing critical temperature in addition to the

"normal" ice-albedo feedback at 0°C. It should be possible to use an RCM to

test whether this gives increased warming compared with the case where there

is no temperature dependence of the ice/snow albedo. However, it is likely

that this will not explain all of the polar amplification since such amplifi-

cation was also obtained by the global GFDL model (Manabe and Stouffer, 1980)

which did not have a temperature-dependent ice/snow albedo (see Table 6).

Although comparisons have been made for the global- and zonal-means without

regard to the differences between the geography and orography of the sector

and global models (see Table 6), it is not really possible to compare the geo-

graphical distributions of the CO_-induced climatic changes simulated by such

widely different models. Moreover, the global model simulation performed at

GFDL included the annual solar cycle, and we have seen that there are appreciable

differences between the simulations of the seasonal and annual models with the

same or similar geography and orography. Consequently, it is not desirable to
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compare the geographical distributions of the OSU and NCAR annual models with

the annual-mean distribution of the GFDL seasonal model. Therefore, the only

inter-model comparisons which can be made for the geographical distributions of

C0_-induced climate change are between the OSU and NCAR models for temperature

and soil moisture; the latter only in a qualitative way because of the different

presentations for these models.

In the light of the differences between the global- and zonal-mean climate

changes simulated by the models we should not expect good agreement between the

models' geographical distributions of climate change. Yet we have seen that

there are similarities between the regions of warming simulated by the NCAR

and OSU models. This is encouraging. Of course there are also many differences.

Of particular importance are the differences seen in the mid-latitude soil mois-

ture changes simulated by the OSU and NCAR models (Figs. 31 and 32). However,

before endeavoring to understand the physical significance of these differences,

it is essential to establish that they represent differences between the models'

equilibrium climates, and that they are statistically significant. Since these

issues are of fundamental importance to the interpretation of all GCM results,

they are discussed further below.
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4.2 Time required to reach equilibrium

The results presented for the NCAR model are averages over either the

last 100 days or last 198 days of the preliminary 300-day control, doubled

and quadrupled CO2 simulations (see Table 5). Some features of these simu-

lations suggest that either they did not reach equilibrium before the time

the averages were begun, that is, by Day 200 or Day 102, respectively, or

that the averaging period was not sufficiently long for the results to be

statistically significant. We address the first issue here and the second

in the following section.

The NCAR simulations were performed with an atmospheric GCM coupled to a

swamp ocean model for which there is zero heat capacity. Therefore the ocean

(and land) surface is in thermal equilibrium at each time step of the numerical

integration, and the time required to reach equilibrium depends zr.ly on the at-

mosphere. The conventional wisdom is that this time is not more than about 60

to 90 days. To show that this is not the case, Fig. 39 presents the time evolu-

tion of the difference between the experiment and control simulations of the

global-mean surface air and mass-averaged temperatures for the OSU model

(Schlesinger, 1982a). It is the latter quantity which is of predominant impor-

tance in the assessment of whether a simulation with an atmospheric GCM-swamp

ocean model has reached equilibrium. Fig. 39 clearly shows that the OSU model

simulations did not reach equilibrium by Day 100, and are just reaching equili-

brium by Day 200. The figure suggests that a conservative estimate of the time

required for the global-mean temperatures to reach equilibrium is about 300 days.

If this is also valid for the preliminary NCAR model simulations, then they

are just reaching equilibrium for the global-mean temperatures by the end of

their 300-day period. In this case the preliminary NCAR model results should

be viewed with caution as they might change when the integration period is
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Fig. 39 Time evolution of the difference between experiment
(2xCC>2) and control (lxCCV?) simulations of the global-
mean surface air and mass averaged temperatures for
the OSU model (Schlesinger, 1982a). The average
temperatures over the last 180 days are shown by
horizontal lines.
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extended.

While 300 days appears to be sufficiently long for the global-mean tempera-

tures in an atmospheric GCM-swamp ocean model to reach equilibrium, is this

sufficiently long for the geographical distribution to reach equilibrium? To

address this question, Fig. 40 shows the time evolution over days 320 to 720 of

the difference between the experiment and control surface air temperatures at

four geographical locations from the OSU doubling study. These locations cor-

respond to several of the surface air temperature extrema as can be seen by

reference to Fig. 10. Although the first 320 days are not shown in Fig. 40,

the last 400 days of this simulation pair (experiment minus control) do not

indicate any long-term trend at these four points as was evident for the global-

mean temperatures during the first 200 days (Fig. 39). This suggests that 300

days is sufficient for the geographical distribution of the CO^-induced tempera-

ture changes to reach equilibrium.

However, it is clear from Fig. 40, as it was from Fig. 39, that there are

both high frequency and low frequency oscillations in some of these temperature

records. Consequently, in order to obtain a statistically-significant measure

of the CO.-induced temperature changes once equilibrium has been reached will

require averaging over long periods to reduce the noise. We will focus on this

issue in the following section.

So far we have considered the time required to reach equilibrium only for

the atmospheric GCM-swamp ocean models. When an atmospheric GCM is instead

coupled to a slab mixed layer model, as done for example by Manabe and Stouffer

(1980), it is to be expected that the heat capacity of the mixed layer will

require many years of integration for the ocean to achieve equilibrium. This

The control and doubled CO2 simulations with computed clouds have each been
extended 300 days to Day 600. The warming of the surface air temperature in-
creased from 1.1°C (Table 7) to 1.3°C (Washington and Meehl, 1982a)
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Fig. 40. Time evolution of the difference between experiment (2xCO2)
and control (lxC02) simulations of the surface air temperature
Ta at four geographical locations for the OSU model (Schlesinger,
1982a). The averaged temperatures for the last 180 days and
last 400 days are shown by the horizontal dashed lines.
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is of course the reason for the long integrations which have been made with this

type of ocean model as shown in Table 5. While it appears that these simula-

tions have been of sufficient length to reach equilibrium (in particular, see

Figs. 4-6 of Manabe and Stouffer, 1980), the length of their averaging period

may not have been long enough to establish statistically-significant changes

for some variables as is discussed below.

4.3 Statistical significance

The statistical significance of the changes in surface air temperature,

precipitation rate and soii moisture simulated by the OSU model for doubled CCL

have been determined for the global- and zonal-means and for the geographical

distributions.

For the surface air temperature and soil moisture changes the statistical

significance has been determined by the parametric time series modeling approach

developed by Katz (19S0, 1982b) for non-independent samples of climatic quantities

that are continuous in time. In this method the variance V(lxC0.,) of the popula-

tion mean ^(lxC0_) of the control, and the variance V(2xC0o) of the population

mean ^(2xC0 ) of the experiment are estimated from the sample variance for each

time series by fitting an autoregressive process (AR) of order p to each time

series, with 0 < p < 5 chosen to minimize a certain statistic (the Bayesian in-

formation criterion). The estimated variances for the lxC0_ and 2xC0_ simula-

tions are then used to generate the signal-to-noise ratio statistic

7 = 7 _ X(2xCO2) - X(lxCO2) f^

I + y^ r i ,.m -\ 11 •* / <-(lxCO2)]}
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where X(lxCO2) and X(2xCO2) are the N-day sample means of the lxCO and 2xCC>2

simulations, respectively, and the subscript sim is a reminder that the value

of Z is calculated from the data of the two simulations. The signal-to-noise

ratio statistic Z, under the null hypothesis that the difference y(2xC0 ) - y(lxCO_)

is zero, has a Gaussian distribution with zero mean and unit variance in the limit

as the number of points N in the time series is indefinitely increased. The

significance level P is defined as the probability that jz| can be larger than

any particular value |Z . | of the simulations purely by chance, and can be com-

puted from the Gaussian distribution. For example, for |Z . | = 1 and 3,

|z| > |Z . | can occur by chance with a probability P = 31.74% and 0.26%, re-

spectively. The confidence interval for the change in the population means can

also be calculated. A [100(l-a)]% confidence interval for p(2xCO ) - p(lxCO_J is

CI = Z ,2 i[V
2(2xC02) + V

2(lxCO2)]J
i-'2, (6)

where Z ._ is determined such that the probability that Z > Z . = y. For example,

a 95% confidence interval gives a = 0.05 and, using the Gaussian distribution,

Z ., = 1.96.a/2

For the precipitation rate the statistical significance has been determined

by the parametric time series modeling approach developed by Katz (1982a) for

climatic quantities whos*: occurrence is discontinuous in time. The mean and

variance for both the control and experiment are estimated from their individual

time series by estimating the mean and variance of the amount of precipitation

on only those days with precipitation (wet days), and the mean and variance of

the total number of wet days. Because there are no days with negative precipi-

tation, the probability distribution

not Gaussian. However, the probability distribution of the logarithm of precipi-

tation amounts is approximately Gaus

of precipitation amounts on wet Says is

sian. Therefore the above estimates are
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obtained for logarithmically transformed precipitation data rather than for

the precipitation data themselves. Then the statistical significance test pro-

ceeds as given by (5) and the preceding description. However, the corresponding

confidence interval for the transformed data which could be obtained from (6)

would correspond to the difference of the medians, not the means, of the control

and experiment precipitation rates. For this reason it is not discussed in

the following.

The statistical significance parameters obtained by the above methods for

the changes in global-mean surface air temperature, precipitation rate and soil

moisture are presented in Table 10. The 2.00°C change in the global-mean surface

Table 10. Statistical significance parameters of the change in global
mean quantities simulated by the OSU model for doubled CO_
(Schlesinger, 1982a). These results are for the last 180
days of the 720-day simulation.

Experiment

Control

Difference

Signal/Noise

Significance

95% Confidence
Interval

Surface Air
Temperature

19.87 (2_5-2)a

17.88 (5.7-2)a

2.00

32.1

0.0%

0.12

Loge
Precipitation

1.05 (3.5-3)b

1.00 (3.6-3)b

0.05

9.6

0.0%

No
Estimate

Soil
Moisture

3.41 (3.0-2)

3.43 (3.5-2)

-0.02

-0.4

71.9%

0.09

The first and second numbers are the mean and estimated standard deviation
of the mean in °C.

As in note a except the units are log (mm day" ).

As in note a except the units are cm.
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air temperature induced by doubled CO- (the signal) is 32 times larger than

the noise (see Figs. 5 and 39), hence the probability that this difference is

due to chance is virtually zero. The corresponding 95% confidence interval

is 0.12°C, that is, die probability that the simulated global-mean warming is

smaller than 1.8S°C or larger than 2.12°C is only 5%. Similarly, the change in

the logarithmically-transformed global-mean precipitation rate is significant

at virtually the 0% level. However, the 0.02 cm decrease in the global-mean

soil moisture is less than the noise, consequently this change could occur by

chance with a probability of 72%. The 95% confidence interval of 0.09 means

that the probability that the change is smaller than -0.11 or larger than +0.07

is 5%, Because this interval includes zero, that is, no change, the simulated

change in global-mean soil moisture is not statistically significant.

We now consider the statistical significance of the changes in the zonal-

mean surface air temperature, precipitation rate and soil moisture. The top

panel of Figure 41 shows the absolute value of the signal-to-noise ratio for

the zonal-mean surface air temperature. Because the values are everywhere

greater than three except at the South Pole, the corresponding changes are signi-

ficant at better than the 0.1% level. The bottom panel of Fig. 41 shows directly

the significance levels for the changes in zonal-mean precipitation rate and soil

moisture. This shows that the precipitation rate changes are not everywhere sig-

nificant at the 10% level or less, and the soil moisture changes are significant

at the 10% level almost nowhere. In other words, there is a degradation in

the statistical significance of the changes in the zonal means compared to

that of the global means, at least for precipitation rate.

The statistical significance of the simulated changes is further degraded

for the geographical distributions as is evident from Fig. 42. In this figure
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90N 70 50 30 ION IOS 30 50 70 90S

Fig. 41. Top: The absolute value of the signal-to-noise
ratio for the zonal-mean surface air temperature
changes simulated for doubled CO2 by the OSU
model (Schlesinger, 1982a). Bottom: The signi-
ficance level of the changes xn zonal-mean pre-
cipitation rate (transformed) and soil moisture.
Results are for averages over the last 180 days
of the 720-day simulation.
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Fig. 42.

30E 60E 90E I20E I50E 180

The significance level (percent) of the change ir surface air
temperature (top). precipitation rate (transformed) (middle)
and soil moisture (bottom) simulated by the OSU model for doubled
CO2. The averaging period is thf last 180 days of the 720-day
simulation.
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the regions where the significance level P * 1% are unshaded, the regions where

1% - P - 10% are lightly shaded, and the regions where P > 10?o are heavily

shaded. The top panel is the significance level of the surface air temperature

change shown in Fig. 10. It can be seen that most of the simulated temperature

changes are significant at below the 1% level over most of the ocean, while many

of the simulated changes over land are above the 10% level. It is particularly

noteworthy that the cooling over central East Africa is not statistically signi-

ficant. The panel labelled Tanzania in Fig. 40 shows that this is the case

because of the large noise in the 180-day average caused by the low frequency

variations in the time series.

Returning to Fig. 42, the middle panel shows the significance level of the

(transformed) precipitation rate change shown in Fig. 23. Here it can be seen that

the significance level is higher than 10% almost everywhere, indicating that the

changes are not statistically significant. It is interesting, however, that

the large increase in precipitation rate simulated over central East Africa is

significant at below the 1% level. This is also true for the increased soil

moisture in this region (Fig. 32) } as well as for the drying in North Africa.

The changes in soil moisture almost everywhere else over the continents are not

statistically significant.

The point which must be taken from Fig. 42 is that it is senseless to compare

the climate changes simulated by different models without first establishing

the statistical significance of those simulated climate changes. Otherwise,

we may simply be comparing the models' noise levels, a not very fruitful exercise.

But, having performed the analysis of statistical significance as illus-

trated in Fig. 42, what should be done about the non-significant changes such

as for surface air temperature in central East Africa? It may be that although

the simulated change is not statistically significant, it is too small based on
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some other criterion to be of interest even it its statistical significance

were established somehow. In this case, we can simply not continue the analysis.

On the other hand, if the simulated change is of such a magnitude to be of in-

terest, then its statistical significance can be established oy reducing the

noise through extending the averaging period.

How long an averaging period is required to reduce the noise say by a factor

of two? The conventional wisdom would suggest a four-fold increase in the averag-

ing period, at least for a reasonably well behaved quantity such as temperature.

To illustrate this noise reduction by increased averaging period, Fig. 43 shows

the significance level of a 400-day period in comparison with that of a 180-day

period for surface air temperature. As is evident, there is a reduction in the

significance level over the oceans and most of the continents. But it is note-

worthy that more than doubling the averaging period does little to improve the

statistical significance over several regions, both where the signal is small

and large, as for example over the United States and central East Africa, respec-

tively. And, while it might be argued that this occurs for surface air tempera-

ture because of the absence of thermal inertia for the earth's surface by the assign-

ment of zero heat capacity everywhere, there is also little improvement for the soil

moisture which has hydrologic inertia and for the precipitation rate (not shown).

In summary, it may require very long integrations to establish the statis-

tical significance of the climatic change simulated for increased C0_ levels.

Even the 8-year analysis period of the Wetherald and Manabe (1981) simulation

may not be sufficiently long to establish the statistical significance of the

geographical distributions of many of the climatic quantities of interest.

For example, if the statistical significance of the simulated changes for a par-

ticular month is desired, then there are at most 248 data points in an 8-year

record. This is less than the 400 data points used to create the top panel of
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Fig. 43. The significance level (percent) of the change in surface
air temperature simulated by the OSU model for doubled
CO2. The tveraging period is the last 400 days (top) and
last 180 days (bottom) of the 720-day simulation.
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Fig. 43. The number of data points can of course be increased by extending

the period from a month to a season or longer. But then the seasonal cycle

must be removed lest it increase the variance. The analysis of the statisti-

cal significance of multi-year simulations deserves increased and urgent atten-

tion.
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5. Conclusions

As stated in the Introduction, the object of this paper is to formulate

and describe the current issues concerning the study of possible CC^-induced

climatic change by the physical method, that is, by the use of mathematical

climate models. In this paper we have focused on the general circulation modeis

(GCMs) and their simulations of C0--induced climatic change, because it is the

geographical distribution of that change which is of importance to humanity,

and because only the GCMs simulate that geographical distribution. The equili-

brium simulations of eight GCMs for both doubled and quadrupled CO- concentra-

tions have been considered and the geographical distributions, as well as the

zonal- and global-means, of the C0»-induced changes in surface air temperature,

precipitation rate and soil moisture have been compared. While these compari-

sons reveal the similarities and differences among the models' simulations, it

may be premature to draw firm conclusions at this time. The reasons for this

are as follows. First, the differences between the models' geography/orography

(sector with idealized land-sea geography at zero elevation versus realistic

land-sea geography and realistic orography), ocean model (swamp ocean versus

slab mixed layer ocean), solar forcing (annually-averaged insolation versus

the annual cycle) and vertical resolution (number of levels in the vertical)

reduce the comparisons which can be rigorously made between the models' simu-

lations. Second, it appears that the preliminary NCAR model simulations were

not run sufficiently long for equilibrium to have been reached by the time at

which the averaging of the results was begun. Finally, it has been shown that

although the OSU model has reached equilibrium, not all of the simulated climatic

changes are statistically significant, even when averaged for 400 days.
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The following recommendations are made to reduce these problems in comparing

the GCM simulations of (X^-induced climate change and, thereby, to increase

our confidence in the validity cf these simulated climate changes.

1) extend the existing simulations as required to insure that they have

reached eqi.ilibrium;

2) assess the statistical significance of the CO_-induced climate changes

for the existing simulations and their extensions as in (1);

3) extend these simulations as required to obtain statistically-significant

results, or decide that the ron-statistically significant changes are

too small to be of interest even if they were subsequently shown to be

statistically significant;

4) expand the comparison of this paper to include other climatic quantities,

in particular the cryospheric quantities of sea ice and snow;

5) expand the comparison of this paper to include the other GCM simula-

tions shown in Fig. 21;

6) use EBMs and RCMs where possible, and GCMs where necessary to perfom

studies to understand the causes for the differences among the exist-

ing (and extended) simulations;

7) perform seasonal model simulations of CO^-induced climatic change with

models other t^an the GFDL model, and repeat the comparison of this

paper and recommendations (1) through (6) as necessary;

8) perform seasonal model simulations of CO_-induced climatic change

with coupled atmosphere-ocean GCMs to incorporate the oceanic horizon-

tal and vertical heat transports, and compare such simulations with

each other and with those made with the simpler ocean models.
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COMMENTS ON MICHAEL SCHLESINGER'S PAPER
"Simulating CO2-Induced Climate Change with Mathematical Climate

Models: Capabilities, Limitations and Prospects"

by

J. F. B. Mitchell
U.K. Meteorological Office

I am concerned that readers of Schlesinger's review paper should not be

left with the impression that the model predictions show little consistency. If

one compares the global changes found on increasing CO2 in the Oregon State and

Meteorological Office models with prescribed sea surface temperatures, this is

not the case. Not only are the changes in doubling CO£ similar, but the magni-

tude of the response in all the integrations is almost linear with respect to

the logarithm of CO2 concentration, as suggested by Augustsson and Ramanathan

(1977). The changes in preciptation are less consistent, but are only slightly

larger than the standard deviation of 0.03 mm/day in annual mean precipitation

found in the Meteorological Office model.

TABLE 1. EFFECT OF INCREASING CO2 WITH FIXED SEA SURFACE TEMPERATURES

Global Annual Mean

(M = Mitchell (1979, 1983), G = Gates et al. (1981))

Study M G G M

CO? increase 2 2 4 10

Net radiative heating
of the atmosphere (W"2)

Land surface temperature (K)

Total precipitation

Ratio of log (C02

3

0

-0

.0

.41

.07

1

2

0

- 0

.0

.41

.01

1

6

0

-0

.5

.95

.11

2

8.

1.

- 0 .

3.

3

71

20

3
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In this case, the models and changes considered were similar. Integrations

have been made using the Meteorological Office model with doubled CO2 and sea

surface temperatures increased everywhere (Mitchell 1979, 1982). When the

changes in the hydrological cycle are compared with those found by Manabe and

Stouffer on quadrupling CO2 in a climate model with a slab ocean, it is found

that maiiy of the features die 4ualiCaC.lv cly biiuildi.. This is particularly true

of the changes in zonally averaged precipitation minus evaporation fP-E), and

its variation through the annual cycle, shown in Figure 1. The solid areas

indicate where (P-E) decreases in both studies, light stippling indicates that

it decreases in the GFDL study. Note that the solid and clear areas, where the

sign of the change is the same in both investigations, make up most of the dia-

gram, although the assumptions made in each of these studies are very differ-

ent. In each case, the atmosphere becomes moister, and this may govern the

distribution of changes, rather than the detailed formulation of the individual

models.
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1. Thermal Response,

a. Annual mean response

In Section 3.2 of his review, Schlesinger discusses the latitudinal

distributions of the change in zonal mean surface temperature in response

to an increase of the atmospheric C02 concentration. While most of the

results from various numerical experiments indicate that the CO2-induced

wanning of zonal mean surface air temperature increases with increasing

latitudes, the latest result of Washington and Meehl (1982) does not

exhibit a similar polar amplification of the warming. (See, for example,

Fig. 20 of Schlesinger, 1982). Here, I would like to briefly explore

this issue by referring to recent analysis of the long term change of

surface air temperature in the actual atmosphere.

Fig. 1 illustrates the result from one such analysis (Vinnikov et

al., 1980). It shows the secular variation of annual and five-year mean

anomalies of surface air temperature for various latitude zones in the

Northern Hemisphere. According to this figure, the characteristics of

the long-term fluctuations of five-year mean surface air temperature

anomalies at different latitudes qualitatively resemble one another.

However, the magnitude of i'ne long-term fluctuation increase with increasing

latitude. A similar feature is noted in many other studies of the

secular variation of surface air temperature (see, for example, Vinnikov

and Groisman, 1979). It appears that the behavior is qualitatively

similar to the polar amplification indicated in the results of most

numerical experiments,

b. Seasonal response

According to the study of Manabe and Stouffer (1979,1980) which was

conducted by use of a global atmosphere-mixed layer ocean model, the



III.147

2.0 h

1.5

1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980

Figure 1. Secular Variation of the Annual and Five-Year Mean Anomalies
(in relation to the norm for 1881-1975) of the Surface Air
Temperature (°C) in Various Latitude-Zones in the Northern
Hemisphere (Vinnikov e t a l . , 1980).
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CCL-induced change of zonal mean surface air temperature has a large

seasonal variation in high latitudes. According to Fig. 2 (or Fig. 19

of Schlesinger, 1982), the COg-induced increase of surface air temperature

over the Arctic region is at a maximum in early winter and is at a

minimum in summer. A detailed analysis of the heat balance at the

surface of the Arctic Ocean of the model reveals that the sensitivity

maximum in winter results from the reduction of sea ice thickness due to

the C02-increase. This in turn causes the increase of heat conduction

through sea ice during winter when the air-sea difference in temperature

is at a maximum. On the other hand, the Arctic surface air temperature

during summer cannot deviate significantly from the freezing point

because of the melting of sea ice and the large thermal inertia of the

mixed layer ocean of the model.

Turning our attention back to the surface air temperature of the

actual atmosphere, we shall examine the recent results from the study of

Kelly et al. (1982). Fig. 3a, b, c and d illustrate *he long-term

variation of the seasonally averaged surface air temperature over the

Arctic Ocean for the four seasons of a year. In addition, the corres-

ponding variations of annual mean surface air temperature averaged over

the Arctic region and the Northern Hemisphere are shown in Fig. 4 for

comparison. These figures indicate that, over the Arctic Ocean, the

secular variation of the surface air temperature averaged over each

season of a year is qualitatively similar to the corresponding variation

of annually averaged temperature (which, in turn resembles the variation

of the hemispheric mean temperature shown at the top of Fig. 4). However,

the magnitude of the winter fluctuation is much larger than that of the

summer variation over the Arctic Ocean. A similar result was obtained

earlier by Vinnikov and Groisman (1979, 1982).
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Figure 2. Latitude-Time Distr ibution of Zonal Mean Change in Surface
Air Temperature (°C) of tne Atmosphere-Mixed Layer Ocean
Model in Response to the Quadrupling of the Atmospheric
C02-Concentration (Manabe and Stouffer, 1979, 1980).
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Figure 3. Seasonal Mean Surface Air Temperature (°C) as a Departure
from the Reference Period 1946-1960 Averaged Over the Arctic
Region (65° ^ 85°N). (a) Spring, (b) Summer, (c) Autumn and
(d) Winter. (Kelly e t a l . , 1982).
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Figure 4. Annual Mean Surface Air Temperature (°C) as Departures from
the Reference Period 1946-1960 Averaged Over (a) the Northern
Hemisphere (0 «*. 85°N) arid (b) the Arct ic {65-85°N). (Kelly
et a l . , 1982).
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The seasonal dependence of the magnitude of the long-term fluctua-

tion in the Arctic surface air temperature described above may be compared

with the seasonal dependence of the sensitivity of the climate model

constructed by Manabe and Stouffer. It has been suggested by Budyko

(1969) and Hansen et al. (1981) that the temporal variation of globally

(or hemispherically) averaged, 5 year mean surface air temperature is

caused mainly by the long term fluctuation of various factors such as

the stratospheric loading of aerosols and concentration of carbon dioxide

in the atmosphere. Provided that their speculation is correct, the

results shown in Fig. 3 indicate that the seasonal dependence of sensi-

tivity of the actual atmosphere is qualitatively similar to those of the

atmosphere-mixed layer ocean model of Manabe and Stouffer. In this

connection, it is of interest that the secular variation of the area

coverage of the Arctic Sea ice as determined by Vinnikov et al. (1980)

is approximately out of phase with the corresponding variation of the

surface air temperature averaged over the Northern Hemisphere (see Fig. 5).

This suggests that the secular variation of sea ice may control the

seasonal dependence of the long term variation of surface air temper-

ature in a manner indicated in the sensitivity study of Manabe and

Stouffer.

c. Global mean response

In section 4.1 of this review study, Schlesinger compared the C(L-

induced changes of surface air temperature in several model atmospheres

constructed by various authors (see Fig. 29 of his review). His compar-

ison appears to indicate that the warmer the surface air temperature of

a model atmosphere, the larger is its sensitivity to an increase of

atmospheric COp. Based upon the results from a series of numerical
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Figure 5 . Secular Variation of the Annual and Five Year Mean Area
Coverage of the Sea Ice Over the Arct ic Ocean (Vinnikov e t a l . ,
1980).
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experiments with a radiative-convective model of the atmosphere,

Schlesinger shows that this dependence of sensitivity upon temperature

does not result from the nonlinear relationship between water vapor

content and temperature of the atmosphere as suggested by Washington and

Meehl (1982). As a matter of fact, the sensitivity of his radiative-

convective model depends little upon the surface air temperature of the

model in the range of temperature which he considered. Similar results

were obtained by Manabe and Wetherald (1967) by use of a radiative

convective model of the atmosphere. Accordingly, Schlesinger speculated

that a dynamic (rather than radiative) process may be responsible for

the apparent positive correlation between tropospheric temperature and

its sensitivity.

The sensitivity-temperature relationship t >tained by Schlesinger

appears to be contrary to the finding by many studies of one-dimensional

energy balance models which indicate the reduction of sensitivity with

increasing temperature (Budyko, 1969; Sellers, 1969; Held and Suarez,

1974; and North, 1975). This sensitivity reduction occurs because the

contribution of the albedo feedback effect reduces with increasing

surface air temperature. The results from general circulation models

also indicate a similar tendency when surface air temperature is not far

from the observed value (Wetherald and Manabe5 1975, 1980; and Held et

al., 1981). In my opinion, Schlesinger obtained an opposite tendency

because he compared the sensitivity of various models which are markedly

different from one another. Had he compared the sensitivity of one

model with different surface air temperatures he would !iav/e obtained a

relationship which is qualitatively similar to the results from a simple

energy balance model.
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2. Hydrologic Response.

As pointed out in the paper by Hanabe et al. (1981) and section

4.3 of the Schlesinger review, many features of the geographical distri-

bution of the C02-induced changes in the precipitation rate and other

hydrologic variables are not statistically significant. This is because

the natural fluctuation of a hydrologic variable has a magnitude compar-

able to its change due to the doubling of COg-concencration in the

atmosphere (Manabe and Stouffer, 1981). However, the study of Manabe et

al. (1981) indicates that some zonally averaged changes are statistically

significant. These changes include:

1. The increases in annually averaged, zonal mean rates of precipi-

tation and runoff in high latitudes. (These increases result from the

penetration of warm, moisture-rich air into higher latitudes in the

atmosphere with high C02-concentration.) Such an increase is evident,

for example, in Fig. 24 of Schlesinger's review.

2. The enhancement of soil dryness during summer in middle and

high latitudes of the Northern Hemisphere. (As discussed by Manabe et

al., 1981, this CC^-induced summer dryness results from the earlier

timing of the snowmelt season and/or the earlier occurrence of the

spring maximum in the precipitation rate.)

3. The enhancement of soil dryness in winter at about 25N due to

the poleward shift of the rainbelt in middle latitudes.

The statistical significance and the physical mechanisms responsible

for these hydrologic changes are extensively discussed in the paper by

Manabe et al. (1981) and Manabe (1982). Although one notes large changes

in the precipitation rate and soil wetness in the tropics of their

model, they are not very significant statistically. (Note the large
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differences among the results from various numerical experiments as

shown in Fig. 24 of the Schlesinger review.) In order to obtain.statis-

tically significant hydrologic change over the tropics, it is necessary

to time-average the results of an experiment over a very extended period

of time. This requires very long term integrations of a climate model.

The studies of Manabe et al. (1981) and Schlesinger (1982) clearly

demonstrate the necessity of a statistical significance-test of the C02-

induced hydrologic changes obtained from a numerical experiment. In

addition, the physical mechanisms for these changes should be identified

before we can take them seriously.
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The latest results from two sets of general circulation model

experiments will be briefly described in this paper. The experiments

deal with the climatic response of the NCAR Community Climate Model

(CCM) to a doubling and quadrupling of the amounts of atmospheric CO2.

These experiments should be regarded as preliminary since they are still

ongoing and analysis of the results is not yet complete. Some earlier

results are contained in the summary model intercomparison article in

this volume by Schlesinger (1982). The results shown here are more

recent and involve longer time averages.

One set of experiments uses annually averaged solar forcing in the

model while the other set is performed with a seasonal cycle. The first

set of experiments shown here can be compared with our earlier results

(Washington and Meehl, 1982) and the second set of experiments can be

compared with Manabe and Stouffer (1980).

The atmospheric model used for the CO2 experiments is a version of

the NCAR Community Climate Model (CCM) which is a spectral general

circulation model (Bourke et al., 1977; McAvaney et al., 1978). This

model employs a sigraa system with 9 vertical levels (a = 0.991, 0.926,

0.811, 0.664, 0.500, 0.336, 0.189, 0.074, 0.009). The truncation wave

number is rhomboidal 15. The radiation-cloudiness portion of the model

is described by Ramanathan et al. (1982). The absorptance formulation

for CO2 is given in Kiehl and Ramanathan (1982). Atmospheric simula-

tions for January and July with specified observed ocean surface

temperatures are given in Pitcher et. al. (1982) and Ramanathan et al.

(1982).
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For the experiments shown here the surface hydrology (see

Washington and Williamson, 1977) as well as the ocean surface tempera-

tures are computed rather than specified as in the papers referenced

above. The experiments with annually averaged solar forcing assume a

simple energy balance at the surface both over ocean as well as conti-

nental and sea ice regions. The quantities involved in the energy

balance are fluxes of solar radiation, longwave radiation, sensible heat

and latent heat. This type of ocean model is sometimes referred to in

the literature as a swamp model in that there is no allowance for heat

storage. Sea ice is defined to exist whenever ocean temperatures drop

below 271.2 K.

In the experiments with a seasonal cycle the ocean model is a

simple mixed layer of 50 m similar to that used by Manabe and Stouffer

(1980). Such an ocean model allows for seasonal heat storage. Sea ice

forms whenever the ocean temperature drops to 271.2 K and grows or

decays according to the parameterization of Semtner (1976).

The time integration with the seasonal model requires much longer

time periods than the swamp model because of ocean heat storage. In

order to accelerate the convergence to ar> approximate equilibrium state

the calendar is advanced faster than normal in the early stages of the

calculation similar to that used by Manabe and Stouffer (1980). For the

first 12 years the calendar is accelerated by a factor of 9 (i.e. a year

is 40.5 days long). The next 4 years are accelerated by a factor 3

(i.e. a year is 121.7 days long). Five additional years have been simu-

lated with the calendar at the normal 365 days. To date, then, a total

of 21 years have been simulated and the experiment is still ongoing.
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The swamp model was used with two different types of cloudiness and

two different concentrations of C02» Because of uncertainty of the role

of clouds in the climate system, one group of simulations was performed

with fixed cloudiness and the other group included the computed cloudi-

ness parameterization described in Ramanathan et al. (1982). In order

to study the climatic temperature sensitivity to increased CO2 concen-

trations, doubling (2xCC>2) and quadrupling (4XCO2) experiments were

carried out. Control experiments were performed with the present CO2

concentration. After integrating at least 500 days for the various

experiments, the last 360 days were used to form time averages. Fig. 1

shows the difference between zonal temperature averages as a function o£

pressure and latitude for the swamp model. Note that for both fixed and

variable cloud experiments with 4xCO2 there is a 3-4 K warming in the

tropical troposphere with local maxima at about 336 mb. The variable

cloud case appears to be warmer by about 0.5 K compared to the fixed

cloud case in the tropics. The fixed and variable cloudiness both show

greater warming in the lower troposphere at high latitudes, but the

patterns differ somewhat. Although we have not completed the analysis,

we know from limited experimentation with different averaging intervals

that the patterns are least stable at high latitudes presumably because

of increasing variance with lat'.cude as was shown by North et al.

(1982). The stratosphere shows significant cooling from - 12 K at 9 mb

to smaller values at the tropopause in both 4xC(>2 cases. The computed

cloudiness case shows more cooling in the mid to higher latitudes near

189 mb. The changes in cloudiness will be documented in more detail

elsewhere. The other two panels in Fig 1 show the zonal mean
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temperature differences for the 2xCO2 cases. The overall response is

roughly half that of the quadrupled cases or slightly less which is also

seen in the globally averaged surface temperature differences shown in

Table 1. However, changes in the features of the zonal mean differences

between the 4xCC>2 and the 2xCO2 experiments are most notable at high

latitudes in the lower troposphere which suggests that caution must be

exercised when interpreting annual mean results from a 4xCC>2 simulation

when used as an analogue to a 2xCC>2 simulation.

TABLE 1: Globally Averaged Surface Air

Temperature Differences (o = 0.991)

Swamp Model

Fixed Clouds:

Computed Clouds:

Seasonal Model

2xC02

1.4K

1.3K

2.9K1

4xC02

2.8K

3.3K

—

Average of each hemisphere summer and winter
(i.e., December, January, February and June,
July and August).

The swamp model has the advantage of using relatively less computer

time compared to a seasonally changing model; however, it is less

realistic in its simulation of the raid and higher latitudes where

seasonal change is very important. In order tc shed some light on the

difference between annual and seasonal models, a preliminary result from
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the seasonal model with an ocean mixed layer is shown. As mentioned

previously this experiment has not yer- been completed so the results

shown here may change s.. jewhat with a more extended simulation and a

longer time averaging interval.

Fig. 2 shows the zonal mean temperature differences between 2xCC>2

and the control for December, January, and February averaged for the

18th to 19 t n year, and June, July and August averaged for the 19 t n

year. Also shown is the Manabe-Stouffer result for a 4xCC>2 experiment

using a spectral model with comparable resolution, ocean formulation and

forcing. Our global surface air temperature difference is 2.9 K (see

Table 1) which is larger than Manabe and Stouffer's result if their

4xC02 experiment is scaled by roughly half to estimate a 2xC02 experi-

ment. Our global average is taken over the 2 0 ^ and 21 s t years of

the experiments. Note the tropical midtropospheric maxima and the

distinct high latitude surface warming in the winter hemispheres for

both our 2xCO2 and the Manabe-Stouffer 4xC02 results. The high latitude

warming is related to seasonal changes in the sea ice and snowcover.

If we contrast Fig. 2 with the swamp CCM results in Fig. 1, we note

significant differences especially at higher latitudes. There is a

smaller amount of high latitude warming in all the swamp CJM experiments

compared to the seasonal experiment, apparently because the sea ice and

snowcover do not change seasonally in the polar regions in the annual

mean experiments. It appears that warming due to doubled CO2 in the

annual mean experiment is not sufficient to melt enough snow and ice tc

cause greatly increased warming at high latitudes as seen in the annual

mean 4xC02 results and seasonal cycle experiment. Presumably the larger
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global temperature increase for doubled CO2 from the latest seasonal

cycle experiment compared to our earlier swamp results can be accounted

for partially by the high latitude amplification of CO2 warming.
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PLENARY SESSION 4

CLIMATE MODELING

Rapporteur: Kerry Cook

Michael Schlesinger reviewed the basics of climate modeling. The

steady state response of a general circulation model to increased CO2 is

calculated by instantaneously doubling or quadrupling the atmospheric C0£

concentration. The model settles to a new equilibrium, which is interpreted

as the climatic state at 2 times or 4 times the present CO2 concentration.

The time a model takes to reach a new equilibrium in this type of simulation

Is not related to tb° reaction time of the real climate under realistic (not

instantaneous) CO2 increases. Even if the model were physically complete,

the simulation would duplicate the real climatic response only if that

response were independent of the timing of the CO2 increase and if the CO2

concentration were constant at the higher value long enough for the cliiiate

to reach equilibrium.

Simulations from the Geophysical Fluid Dynamics Laboratory (GFDL) and

Oregon State University general circulation models (GCMs) were compared with

preliminary data from the National Center for Atmospheric Research (NCAR)

GCM to determine the effects of different cloud and solar forcing param-

eterizations and surface characteristics. The results showed that conclu-

sive answers are not yet available. For example, the GFDL model seemed

insensitive to cloud treatment in a CO2 doubling experiment, but interactive

clouds (as opposed to fixed clouds) lessened the temperature response in the

NCAR simulation.

Determining statistically significant changes in precipitation and soil

moisture from the model simulations is particularly difficult due to their



III.174

large variability. The models reviewed here all project an increase in the

zonally averaged precipitation rate between 50°N and 80°N. Whether this is

just a coincidence is not yet clear since the model projections disagree at

other latitudes.

The presentation also raised questions on how modeling results should

be compared and validated. Does agreement among models constitute valida-

tion? Is it enough to compare the perturbation with the control, or should

we look to the physical mechanism behind a feature of the altered CO2

climate?

Schlejinger also discussed the statistical significance of model

results—the signal-to-noise ration of the models, not of the climate.

Establishing the significance of a model's response is just one component in

establishing the significance of the climate's response. The question of

how well the model represents the climate was not fully considered in this

presentation.

Four additional climate modeling groups were presented in the discus-

sion—British Meteorological Office (BMO) (Mitchell), GFDL (Manabe), NCAR

(Washington), and Goddard Institute for Space Studies (GISS) (Hansen).

Mitchell presented recent results of the C02~induced change in the zon-

ally averaged precipitation rate using the BMO GCM with prescribed sea sur-

face temperature (SST). The SST was fixed at 2K greater than the present-

day value for the doubled CO2 experiment. There was very good agreement

with the seasonal and latitudinal pattern of the precipitation change simu-

lated using the GFDL model with a simple mixed layer ocean (which had also

warmed about 2K for doubled CO2).
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Because of the low statistical significance for some parameters in 2 x

CO2 simulations (with respect to the models1 noise levels), A x CO2 or even

10 x CO2 experiments are attractive as diagnostic tools. Such simulations

are more useful for the CO2 problem if the results can be scaled to 2 x CO2

results. Mitchell and Washington reported that the temperature responses of

the BMO and NCAR models to 4 x CO2 were approximately twice the response to

2 x CO2 and, with fixed clouds, the 10 x CO2 response in the BMO model is

about four times the 2 x CO2 response (for surface temperature change).

Including interactive clouds seems to degrade the near logarithmic

relationship in the NCAR model simulation.

One application of GCM studies is to identify regions and times of max-

imum sensitivity to CO2 increases. This information is necessary for the

first detection studies. Manabe cited CFDL GCM and energy balance model

simulations and observations by Kelly et al. (1982) and Vinnikov and

Groisman (1979) that indicate maximum sensitivity occurs at extreme

latitudes in winter. The GISS model also gives maximum winter sensitivity.

Schlesinger had suggested that a comparison of the results from models

of different groups indicated that the warmer the model's control climate,

the greater the sensitivity to a CO2 increase. In the discussion, Manabe

pointed out that in his model the warmer the control conditions, the lower

the sensitivity. Further studies in this area were called for.

Hansen, naming himself devil's advocate, claimed that the climate is

more sensitive to CO2 changes than the models reviewed by Schlesinger. The

GISS model simulates two to six times greater sensitivity (depending on the

latitude) because of different (more complete?) treatment of cloud altitudes

and sea ice response.
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Hoffert provided the only reference to the use of paleoclimatic data.

He suggested that the GCMs are too sensitive to C02 changes because tropical

sea surface temperatures have apparently never been more than 2K warmer than

at present.
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RADIATIVE EFFECTS OF A CO INCREASE:

RESULTS OF A MODEL COMPARISON

Frederick M. Luther

Lawrence Livermore National Laboratory, University of California
Livermore, California 94550

October 7, 1982

INTRODUCTION

Many infrared (IR) radiative transfer models have been developed that

range in complexity from line-by-line calculations to simplified parameteri-

zations used in climate models and general circulation models. Assessment of

the potential climatic effects of trace gases such as C0_ requires first an

evaluation of the radiative properties of each gas and determination of the

perturbation to the radiative fluxes. The most detailed radiative transfer

models are well suited for this application. The perturbed radiative fluxes

lead to climatic effects that are evaluated using models that couple radia-

tive, dynamic transport, and hydrological processes. Recently, chemical

interactions have also been included in the assessments.

It is desirable that a better understanding be developed of the dif-

ferences in model approaches used by various modeling groups and how these

differences affect model sensitivity to perturbations such as increased car-

bon dioxide. Since many factors affect model sensitivity, a practical ap-

proach is to start with a comparison of the basic physical processes without

feedbacks and couplings, then to build in complexity. Since an increase in

COj leads to radiative forcing, the treatment of radiative processes is a

natural starting point for comparison. Differences in radiative transfer



III.178

calculations may not be the 1 .g; .st contribution to differences in climate

model sensitivity, but unless these differences are clarified for the

radiative processes, the interpretation of other model differences will be

much more difficult.

A comparison of infrared radiative transfer models has begun under the

auspices of the U. S. Department of Energy's Carbon Dioxide Research Pro-

gram. The initial phase is underway, with other phases scheduled through

1984. The results of the IR model comparison will be included in the

state-of-the-art report on climate modeling. Although the time scale for

completion of the comparison is a few years, significant preliminary results

have already been obtained.

OBJECTIVES OF THE MODEL COMPARISON

The objectives of the IR model comparison are:

• Develop a better understanding of the differences in model ap-

proaches.

• Understand how these differences affect model sensitivity.

• Evaluate effects of simplifying assumptions.

• Evaluate the ability of the models to simulate the real atmosphere.

• Evaluate the effect of using different sources of spectral line data.

Accomplishment of these objectives involves a blend of detailed model

calculations, parameterized model calculations, and observations. IR models

are developed with differing amounts of detail depending on their planned

application and available computational resources. It is important to

involve a broad range of models in the comparison in order to encompass this

•diversity and to evaluate the uncertainty inherent in model calculations.
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Detailed line-by-line models provide a reference for evaluating the effect of

simplifying assumptions used in the parameterized models. By comparing para-

meterized models, it is possible to evaluate the effect of different band

models or modeling approaches, assumptions, and input data. Comparing one

model with another, however, will not be sufficient to evaluate the accuracy

of the model. To evaluate accuracy, the models (line-by-line and parameterized)

must be compared with observations for known atmospheric conditions.

Three distinct cases are useful for evaluating the models, namely:

homogeneous, isothermal, and standard or ambient atmospheric conditions. For

the homogeneous case (constant temperature and pressure), the transmittance

is computed as a function of wavelength for different gas concentrations,

temperatures, and pressures. Laboratory measurements of transmittances and

integrated absorptance values are available for a wide range of conditions

for CCL and H-O, and these data can be used to evaluate the models.

The isothermal calculations (atmospheric profile of gas concentration

versus pressure) indicate whether the temperature dependence of line or band

parameters has been treated properly. Differing assumptions regarding the

temperature distribution within a layer, which would be important for non-

isothermal conditions, have no effect on the calculations for the isothermal

case.

Calculations with full atmospheric profiles provide a test of the over-

all performance of the models. Overlap between absorption bands for the dif-

ferent gases must be treated for the inhomogeneous case. Calculations can be

compared with observations to evaluate accuracy. Parameters that are com-

pared include flux components and cooling rates. Because these calculations

are the most complex, it makes the process of identifying the causes of dif-

ferences between model results more difficult.
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ANALYSIS OF PRELIMINARY RESULTS

Preliminary results from an intercomparison study that is currently in

progress have already provided answers to some key questions. They have also

raised new questions that are yet to be resolved.

Integrated band absorptance values for the 15 \im band of CCL have

been computed using two different line-by-line models (S. Fels and M. D.

Schwarzkopf at GFDL; R. Weichel and F. Luther at LLNL). The calculations

applied to homogeneous conditions at 310 K, pressures of 1.0, 0.5 and 0.25

19 22

atm, and CO column amounts ranging from 4.9 x 10 to 1.1 x 10 mole-

cules/cm . The calculations were compared with the laboratory measure-

ments of Gryvnak et al. (1976). One of the purposes of the comparison was to

evaluate the accuracy of the Lorentzian line shape assumption that was used

in the calculations. Using the full Lorentzian line shape, both models

systematically overestimated the absorptance. For the 24 cases considered,

the RMS difference between the observations and the calculations of Weichel

and Luther was 0.69%. By making the lines non-Lorentzian (truncating the

lines at 3 cm from line center and renormalizing) the bias was nearly

eliminated and the RMS difference was 0.60% from Fels and Schwarzkopf and

0.45% from Weichel and Luther. This method of treating the sub-Lorentzian

behavior of the line wings resulted in a distortion of the line shape which

showed up as worse agreement with the measurements in the high-resolution

portion of the spectrum, although the integrated absorptances were in better

agreement. Similar comparisons for temperatures of 274 and 245 K by Weichel

For 300 ppm of CO2, the total atmospheric column is 6.5 x 10^1 mole-
cules/cm^.
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and Luther show no systematic bias with respect to the laboratory measure-

ments, although the RMS difference is somewhat larger- Since the RMS dif-

ference, assuming the full Lorentzian line, is within the estimated accuracy

of the measurements (±5%), the comparison is not conclusive as to the

extent of the error.

Calculated absorptances from several parameterized models have also been

compared with those of Gryvnak et al. (1976). Kiehl and Ramanathan (1982)

evaluated a Goody random band model, a Malkmus model, and a wide-band absorp-

tance formulation (Ramanathan, 1976). They found that the Goody model con-

sistently overestimated absorptance, usually by 1-10%. Ellingson and Luther

have also compared a Goody model (Ellingson and Gille, 1978) with the

measured absorptances and found similar results.

Kiehl and Ramanathan (1982) found that the Malkmus and wide-band absorp-

tance models generally agreed with the measurements within ±5%. These

models consistently overestimated the absorptance at the higher temperatures

(310 and 294 K) but not at the lower temperatures (274 and 245 K).

Wang and Ryan (1982) compared an effective Malkmus model with some of

the measurements of Gryvnak et al. (1976). They found that the agreement was

21 2

within ±2% at 1 atm and CO column amounts of 1-4 x 10 molecules/cm ,

but the model underestimated absorptance at lower pressures, by as much as

10-15% at stratospheric pressures.

The question resulting from these comparisons is "How do differences in

calculations of absorptance relate to differences in flux calculations?" The

isothermal and atmospheric cases address this issue.

The cases considered in the isothermal calculations to date are CCL

alone with mixing ratios of 300 and 600 ppm and temperatures of 200, 250, and

300 K. The range of values computed for the downward flux component at the
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surface is shown in Table 1. The differences between the different models

ranges from ±5.3% to ±10.6% with the best agreement for 200 K and 300 ppm

CO (i.e., the smallest flux). The percentage differences increase as the

magnitude of the flux increases.

The results for the change in downward flux at the surface due to

doubling CO from 300 to 600 ppm are shown in Table 2 for the isothermal

CO. only atmosphere. There is a wide variation in the sensitivity of the

various models; the largest values are more than a factor of 2 larger than

the smallest for each temperature. The values range within ±40 to ±46%

relative to the central value in each range.

There are three major factors contributing to the differences in the

calculations irrespective of the type of model used: (1) the source of input

data, (2) the size of the spectral intervals used in the band models, and (3)

whether or not the 10 ym band of CO is included in the calculation. Ellingson

has shown that including the 10 ym band makes no significant difference at

200 K, but it contributes about 0.5 W m~2 to the change in flux at 250 K

and about 3.1 W m~2 to the change in flux at 300 K. The three models with

the greatest sensitivity include the 10 ym band, and they also have

spectral intervals of roughly 50 cm in width. Kiehl and Ramanathan

(1982) have shown that using spectral intervals larger than about 5 cm

can significantly increase the sensitivity of the Goody or Malkmus model.

Wang has also shown that using larger spectral intervals increases the sensi-

tivity of a model based on the correlated k-distribution method.

All of the models except two use the spectral data of McClatchey et al.

'1973) (and updated versions of this tape). The model that uses the spectral

-is-a of Drayson and Young (1967) has the smallest sensitivity. When the band

oarameters for this model were derived from the data of McClatchey et al.

; 97"i) -he sensitivity of the model increased significantly.
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TABLE 1. DIFFERENCES IN MODEL CALCULATIONS OF THE DOWNWARD FLUX
AT THE SURFACE FOR AN ISOTHERMAL CO2 ONLY ATMOSPHERE

CO2 Temperature Range of Values Central Value
(K) (W m"2) and Range (%)

30C ppm

600 ppm

200
250
300

200
250
300

12.4 - 13.8
38.5 - 43.6
84.5 - 101.0

13.5 - 15.7
41.5 - 48.6
90.8 - 112.3

13.1(±5.3%)
41.0(±6.2%)
92.6(±8.9%)

14.6(±7.5%)
40.0(+7.9%)
101.6(±10.6%)

TABLE 2. DIFFERENCES IN MODEL CALCUIATIONS OF THE CHANGE IN
DOWNWARD FLUX AT THE SURFACE DUE TO DOUBLING CO2

(300 to 600 ppm) FOR AN ISOTHERMAL CO2 ONLY ATMOSPHERE

Case Temperature Range of Values Central Value
(K) (W nT2) and Range (%)

All models
(9 models)

15 Jim band only
Using McClatchey
et al. (1973) data
(4 models)

200
250
300

200
250
300

0.69 - 1.87
2.19 - 5.37
5.27 - 12.3

1.05 - 1.44
3.03 - 4.00
6.07 - 7.81

1.28(±46%"
3.78(±42£)
8.79(±40%)

1.24(±16%)
3.52(±14%)
6.94(±13%)
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Consequently, if the model calculations were to all ufs the same spec-

tral line data, the band models all used spectral intervals of about 5

cm , and the calculations were limited to the 15 lim band only, there

would be much better agreement between the models. For example, restricting

the comparison to the four models that treat only the 15 Jim band of CO

and use the data of McClatchey >it al., the change in downward flux at the

surface agrees to ±16% or better (see Table 2 ) . The central values of

1.24, 3.52, and 6.94 W m agree well with the values calculated using a

line-by-line model of 1.20, 3.37, and 7.21 W m~2 at 200, 250, and 300 K,

respectively.

There was no clear relationship between how well the parameterized

models agreed with the absorptance data of Gryvnak et al. and how well they

agreed with the line-by-line calculation for the isothermal case. A possible

explanation is that the integrated absorptance values are dominated by the

center of the 15 ]lm band of CO. where there is strong absorption, whereas

the change in flux occurs primarily at wavelengths where CO absorption is

weak. The regions of weak absorption make a small contribution to total

absorptance, but they are important in terms of model sensitivity to doubled

CO . To determine whether or not this is a correct explanation, the

absorptance values need to be compared for spectral intervals in regions of

weak absorption rather than integrated across the entire 15 pm band.

For the calculations with atmospheric profiles of temperature, pressure,

water vapor, and ozone, the data for midlatitude summer conditions from

McClatchey et al. (1971) are used. Calculations were made with all consti-

tuents together and for each gas separately. Table 3 shows the range of

values for the change in downward flux at the surface due to doubling CO-

for the case with C02 only. For a doubling of C02 from 300 to 600 ppm,
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TABLE 3. DIFFERENCES IN MODEL CALCULATIONS OF THE CHANGE IN
DOWNWARD FLUX AT THE SURFACE DUE TO DOUBLING OF CO2

FOR AN ATMOSPHERE WITH CO2 ONLY

Case Change in CO2 Range of Values Central Value
(ppm) (W m"2) and Range (%)

All models 600 - 300 4.87 - 10.30 7.59(±36%)
(12 models) 1200 - 600 5.44 - 10.53 7.99(±32%)

15 Mm band only 600 - 300 5.73 - 7.62 6.68(±14%)
Using McClatchey 1200 - 600 5.77 - 7.53 6.65(±13%)
et al. (1973) data
(5 models)

the downward flux at the surface varies by ±36%, with over a factor of 2

difference between the smallest and largest values. The agreement is improved

when the comparison is limited to models that treat only the 15 ym band and

use the McClatchey et al. (1973) data. The central value of 6.68 W m~2 for

_2

the change in downward flux agrees well with the value of 6.56 W m com-

puted using a line-by-line model.

Table 4 shows the range of values for the change in net flux at the

tropopause (13 km) for the same calculation as shown in Table 3. Even though

the 10 ym band has less effect on the net flux at 13 km than it does on the

downward flux at the surface, there is still a wide range of values

(±30%). Ellingson has performed calculations with and without the 10 jjm

band. When the 10 ym band was included, the change in the net flux at the
_2

tropopause increased by -0.48 W m and the change in downward flux at the
_2

surface increased by 1.34 W m . Wang computed similar values of -0.48 and

1.31 V m , respectively, for these quantities.
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TABLE 4. DIFFERENCES IN MODEL CALCULATIONS OF THE CHANGE
IN NET FLUX AT THE TROPOPAUSE (13 km) DUE 10 DOUBLING

C02 FOR AN ATMOSPHERE WITH C02 ONLY

Case Change in CO2 Range of Values Central Value
(ppm) (W m-2) and Range (%)

All models 600 - 300 -4.18 to -7.80 -5.99(±39%)
(12 models) 1200 - 600 -5.91 to -8.40 -7.16(±17%)

15 Mm band only 600 - 300 -5.84 to -6.67 -6.26(±7%)
Using McClatchey 1200 - 600 -5.91 to -6.71 -6.3l(±6%)
et al. (1973) data
(5 models)

When the comparison is limited to the 5 models that treat only the 15

ytn band and use the McClatchey et al. (1973) data, the agreement is to

_2
within ±7%. The central value of -6.26 W m compares reasonably well

_2
with the line-by-line cclculation of -6.05 W m .

Our attention now turns to other trace gases. Results of the comparison

for atmospheric profiles of 0_ and WJ) are shown in Table 5. The down-

ward flux at the surface calculated for an atmospheric profile of O_ only

shows agreement within ±7% for both the 9.6 and 14 ym bands. For an

atmospheric profile of H.O only, the agreement is within £9% for calcula-

tions with and without the water vapor continuum. Although the agreement is

similar on a percentage basis, there are significant differences in the range

of values on an absolute basis. The downward flux values at the surface for

-2
H?O only differ by as much as 40 W m when the continuum is included and
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TABLE 5. DIFFERENCES IN MODEL CALCULATIONS OF THE DOWNWARD
FLUX AT THE SURFACE FOR ATMOSPHERIC PROFILES OF O3 AND H2O

Case Range of Values Central Value
(W m-2) and Range (%)

0 3 only: 9.6 ym band^a> 4.34 - 5.04 4.69(±7%)
14 ym band<b> 1.66 - 1.84 1.75(±5%)

H2O only: with continuum 319.6 - 360.0 339.8(±6%)
without continuum 245.1 - 291.3 268.2(±9%)

(a) Seven models in comparison.
(b) Four models in comparison.

— 2
by as much as 46 W m without the continuum. Flux differences of this

magnitude have important implications for radiative energy budget considera-

tions affecting climate.

Calculations of the net flux at the tropopause for H_O only (Table 6)

are in better agreement (±3%) than are the calculations of the downward

flux at the surface. The implication is that there is better agreement on

the net cooling of the troposphere/surface system than there is on the

partioning of the cooling between the surface and troposphere components.

Table 7 shows the results for CH, and tiJO. The downward flux st the

surface is compared for calculations with uniform mixing ratios of 1.75 ppmv

CH and 0.28 ppmv N20. There is larger variation in the results for

N.O than for CH,, but it should be kept in mind that very few models are

represented in this comparison.

Table 8 shows the range of values of the net flux at the tropopause for

an atmosphere with 0^, ti^O, and C02 included together. With all of the
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TABLE 6. DIFFERENCES IN MODEL CALCULATIONS OF THE NET
FLUX AT THE TROPOPAUSE (13 km) FOR H2O ONLY

Case Range of Values Central Value
(W m-2) and Range (%)

H20 only: with continuum 301.7 - 317.6 309.6(±3%)
without continuum 305.7 - 325.1 315.4(±3%)

TABLE 7. DIFFERENCES IN MODEL CALCULATIONS OF DOWNWARD
FLUX AT THE SURFACE COMPUTED FOR
1.75 ppmv CH4 AND 0-28 ppmv N2O

Case Range of Values Central Value
(W m~2) and Range (%)

CH4 only
(a) 5.59 - 7.58 6.58(±15%)

N20 only
(a) 4.54 - 7.28 5.91(±23%)

CH4 + N20 together
(b) 10.06 - 13.01 11.54(±13%)

(a) Three models in comparison.
(b) Five models in comparison.

constituents included, the range of values (±3%) is much less than it was

for each of the constituents alone. The overlap of absorption bands tends to

mask or diminish the effect of differences in the treatment of individual

gases. When the comparison is limited to the models that treat only the 15

pm band of CO2 and use the McClatchey et al. (1973) data, there is no

change in the range of values. Consequently, inclusion of the 10 ym band

of CO does not contribute significantly to the range of model results.

Including the 10 ym band decreases the net flux at the tropopause by about

0.4 W m~2 for 300 ppm CO .
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TABLE 8. DIFFERENCES IN MODEL CALCULATIONS OF THE NET FLUX
AT THE TROPOPAUSE (13 km) FOR AN ATMOSPHERE WITH ALL CONSTITUENTS

Case

All models
(8 models)

15 ym band only
Using McClatchey
et al. (1973) data
(3 models)

co2(ppm)

300
600
1200

300
600
1200

Range of
(W m-2)

253.6 -
248.9 -
244.0 -

253.6 -
248.9 -
244.0 -

Values

267.5
262.0
256.6

267.5
262.0
256.6

Central Value
and Range (%)

260.5(+3%)
255.4(+3%)
250.3(+3%)

260.5(+3%)
255.4(+3%)
250.3(+3%)

TABLE 9. DIFFERENCES IN MODEL CALCULATIONS OF THE CHANGE IN
NET FLUX AT THE TROPOPAUSE (13 km) DUE TO DOUBLING CO2

FOR ALL CONSTITUENTS TOGETHER

Case Change in CO2

(ppm)
Range of Values

(W a,"2)
Central Value
and Range (%)

All models
(8 models)

600 - 300
1200 - 600

15 Mm band only 600 - 300
Using McClatchey 1200 - 600
et al. (1973) data
(3 models)

-3.15 6.11
-4.87 6.69

-4.73 - -5.49
-4.87 - -5.58

-4.63(+32%)
-5.78(416%)

-5.22(+7%)

Table 9 shows the change in the net flux at the tropopause due to

doubling of CO2 when 0_, H20, and CO, are included together. The

range of values is very similar percentagewise to those computed for the

CO.-only case. In this case, Ellingson has estimated that the 10 \im band
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_2
contributes about -0.3 W m to the change in net flux at the tropopause

for a doubling of (XL from 300 to 600 ppm. Uncertainty in the treatment of

the water vapor continuum, e.g. whether or not it overlaps the 15 ym band,

can have a significant impact on the model sensitivity to doubled C0~

(Kiehl and Ramanathan, 1981).

CONCLUSIONS

Because of the varying complexity in IR radiative transfer models, there

is a wide range of values for flux components and their changes as computed

for the various gases individually and together. Changes in the downward

flux at the surface and the net flux at the tropopause due to doubling CO

differ by approximately a factor of 2 for isothermal calculations with CO-

only as well as for midlatitude summer conditions. The choice of input data,

the spectral band width, and whether or not the 10 ym band of CO. is

included all contribute to the range of values. By restricting the compari-

son to models with good spectral resolution, using the same spectral line

data, and treating the same CO bands, the agreement between models is

improved to less than ±16% for the change in downward flux at the surface

and less than ±7% for the net flux at the tropopause. The apparent good

agreement between model sensitivities for the net flux at the tropopause for

all constituents together masks the significant differences that are present

for individual gases alone-

Even though it may be possible to get the models to agree very well with

each other, such agreement is not a guarantee of the accuracy of the models.

To evaluate accuracy, the models must be tested against observational data



III.191

for a range of atmospheric conditions. Such a comparison has not yet been

made.

Since most of the models use the McClatchey et al. (1973) data set, it

is important to know how accurate these data are. In evaluating the data,

comparing integrated absorptances for the entire 15 Jim band of CO. may

not be as definitive as making comparisons for smaller spectral intervals.

The apparent sensitivity of one model to the choice of line parameter

data used to develop band parameters for CO. is unexpected and will be

investigated further as to the cause. Different data should be tried in

other models in order to determine whether they have a similar sensitivity.

In the future, attention will be given to specific characteristics of

the models (e.g., Goody models, Maklmus models, Curtis-Godson approximation,

k-distriubution method, temperature distribution within a layer, etc.).

Also, the radiative transfer models used in general circulation models will

be included in the comparison. The comparison will eventually determine the

degree to which differences in radiative transfer calculations contribute to

differences in sensitivity of climate models for a doubling of CO .
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TECHNICAL SESSION 2

RADIATIVE MODEL COMPARISONS

Rapporteur: Edmund Larson

In this session, Frederick Luther of Lawrence Livennore National Labor-

atory reported on his comparison study of several longwave radiative trans-

fer models. Although the physics of radiative transfer is well known, these

models are complex and often make various simplifying assumptions. These

factors make it difficult to isolate the causes of differences in results.

The objectives of this project are to understand the differences in the

approaches of each model, examine how these differences affect model sensi-

tivity, study the effect of assumptions, evaluate the ability of models to

simulate the real atmosphere and examine the effect of different sources of

spectral line data. The first phase of this study has concentrated on pure

radiative transfer models and radiative-convective models. The next step

will be to look at radiation treatments in general circulation models

(GCMs).

In order to isolate the aspect of the models under investigation in a

given experiment, the situations studied were kept simple and then made more

complex after the previous results were understood. Preliminary results are

available at this time, and more results will be reported as the work con-

tinues. Several cases were considered: a homogeneous case, an isothermal

atmosphere, and a realistic atmosphere.

In the homogeneous case, the integrated absorption was measured, and

the shape and overlap of the lines were studied. In the isothermal case,

fluxes, heating and cooling rates, and the dependence of these quantities on
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temperature and frequency were investigated. The realistic atmosphere was

used for investigating the overall performance of the models.

In the homogeneous case, two line-by-line models weie tested against

laboratory data. Both the Fels and Schwarzkopf and the Luther and Weichel

model overestimated the integrated absorption in the 15 jim band of C0£ for

a temperature of 310K when full Lorentzian line shapes were used. When the

lines were made non-Lorentzian to fit the total absorption better, the

high-resolution detail of the computed spectrum did not match the laboratory

data well. This difference between calculated and measured absorption did

not show up at lower temperatures, however. Highly parameterized models may

over- or underestimate the absorption. The question of how these absorption

differences affect flux calculations remains, and the next experiments were

designed to answer it.

In the tests on the- isothermal atmosphere, the downward flux at the

surface varied by a factor of two among the twelve models considered. The

surface flux is more sensitive to model assumptions than the flux at the

tropopause. Including the 10 pm band of CO2 seems to have little effect

on the flux results until very high temperatures are reached.

Testing the models on a C02~only atmosphere gave similar variation

for doubled CO2 content. Again the variation between fluxes from the

different models was greater at the surface. Reducing the comparison to

models that included only the 15 um bonds of CO2 and used the same

spectral line data imporoved the agreement between the models.

Experiments were also done with gases other than CO2. Experiments

with an O3 and H20 atmosphere showed good agreement between models in
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downward flux at the surface. The percentages agreed even better at the

tropopause. How the H2O continuum was treated made a significant

difference in the results.

Finally, using realistic atmospheric distributions of CO2, H2O, and

O3, the models agreed to ±32 percent for the change in net flux at the

tropopause due to CO2 doubling. The change in net flux at the tropopause

is important because it Is the forcing function for the climatic response.

When the comparison was limited to models that included only the 15 um CO2

band, the agreement was ±7 percent for the change in net flux at the

tropopause. Use of spectral data other than the McClatchey tape decreased

the sensitivity in the one model tested, indicating the potential importance

of the source of spectral line data.

One conclusion from this study is that more data are needed for verifi-

cation of model calculations, especially laboratory data for multiple-gas

homogeneous cases with which to compare the model results. Radiative flux

data are needed for the atmosphere so that the accuracy of the models can be

evaluated for the nonhomogeneous case.

In the discussion following Dr. Luther's presentation, several points

were raised. In general non-Lorentzian behavior is not seen in lines in the

atmosphere. It would be useful to have the latitudinal distribution of

infrared radiation to the earth's surface.

The emphasis in this work has been on CO2, O3, and H20 because

these absorbers are the most important atmospheric constituents affecting

infrared radiation. Other trace gases such as CH4 and N2O are also

included in the comparison study.
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THE WEST ANTARCTIC ICE SHEET: DIAGNOSIS AND PROGNOSIS*

Charles R. Bent ley

Geophysical and Polar Research Center, University of WisconsJn-Madison

Madison, Wisconsin 53706

ABSTRACT

Because a large part of the inland ice in West Antarctica lies on a

bed far below sea level, the ice sheet is theoretically capable of an un-

stable and rapid shrinkage. Some authors have attributed the global rise

in sea level over the last century, and a disputed acceleration of that

rise in the last 40 years, to mass loss from the West Antarctic ice sheet.

Field evidence from Antarctica, however, does not support that conclusion.

Instead, the data strongly suggest that the ice sheet, if it is changing at

all, is growing rather than shrinking. Evidence for this is particularly

good in the Ross Sea and Pine Island Glacier drainage systems.

Extensive measurements on the Ross Ice Shelf present a picture of an

ice shelf subject to relatively rapid changes, perhaps constantly out of

steady state, but not undergoing a long-term secular change. The implica-

tion for the future is that from natural causes alone the ice shelf is more

likely to increase in thickness than to decrease; in fact, there is a dis-

tinct possibility of a surging history and a present-day build-up towards a

future surge. Furthermore, it appears that the ice shelf would be relative-

ly invulnerable to the most direct effects of climatic warming: a tempera-

ture rise would take many hundreds of years to penetrate deeply into the

*Geophysical and Polar Research Center, University of Wisconsin-Madison,
contribution number 406.
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shelf, and increased precipitation on the shelf can be expected to have

only a minor effect. However, increased bottom melting could be much more

effective: if there were to be an oceanic temperature increase of several

degrees it is possible that a substantial thinning could occur in a hundred

years.

A maximum-reasonable-rate analysis of the problems relating to rapid

evacuation of the large volume of West Antarctic ice leads to an estimate

of 500 years for the minimum time required. It is concluded that the Vest

Antarctic ice sheet is currently healthy and will probably be around for

many centuries to come.
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INTRODUCTION

In recent years, there has been a dramatically increasing interest in

the possibility that the West Antarctic ice sheet may shrink rapidly in

size in the near future. If this were to happen, the melt water from the

disappearing ice sheet would be added to the ocean and would cause sea

level to rise around the world. The seriousness of the 3-6 m sea-level

rise that would occur in the event of a major diminishment of the West

Antarctic ice mass is great, since the sea would flood all existing port

facilities and other low-lying coastal structures, most of the world's

beaches, extensive sections of the heavily-farmed and densely-populated

river deltas of the world, and large areas of many of the major cities of

the world, which are concentrated along coast lines.

Concern about the possibility of a rapid melt of Antarctic ice has

been emphasized by recent estimates of possible climatic warming due to CO2

build-up in the atmosphere. A recent report by the Climate Research Board

of the National Research Council reviews several predictions made on the

basis of global circulation models, and finds that they all imply that a

polar heating of 4° to 8°C would result from a doubling of the CO2 in the

atmosphere, a level that may very well be reached before the middle of the

21st century. In view of the limited realism of the models, polar

scientists view these predictions with some reserve. Nevertheless, the

general urgency of the CO2 problem has highlighted the need to consider not

only what is happening naturally to the Antarctic ice sheet but how the ice

sheet may respond to a man-made warming of the polar atmosphere.

Geologically and geographically. Antarctica is divided into two parts

(Figure 1). The dividing line is the vast Transantarctic Mountain system

that extends across the entire continent between the Pacific and the
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Figure 1. Map of Antarctica, showing geographic features referred to in
Che text.
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Atlantic Oceans. The larger part, called East Antarctica because it lies

primarily in the Eastern Hemisphere, is, geologically speaking, a true con-

tinent, comparable in size and shape to Australia. If the ice were removed

(Figure 2) and the land allowed to rise isostatically by about 1 km, which

it would do as the rocks deep within the earth flowed in response tc the

removal of the surface weight of the ice sheet, most of the land surface

would lie above sea level.

In contrast, West Antarctica, about half as large and lying principal-

ly in the Western Hemisphere, is not fully continental at all. Most of the

ice sheet there is marine, meaning that if the ice were removed (Figure 2)

and isostatic adjustment (only about 0.5 km in this case because of lower

elevations of the ice surface) allowed to take place, the bedrock surface

would still lie below sea level; water depths in places would be as much as

1000 m.

Before proceeding, it is important to recognize that glacial systems

behave in at least four fundamentally different ways. The first is stable

steady-state, wherein the system does not change from steady state, i.e. a

state in which the dynamical description does not change with time, unless

there is a change in some boundary condition. For a small change

(e.g. change in surface temperature) the response (e.g. change in marginal

extent) is approximately linear and reversible, meaning that doubling the

change in the boundary condition will double the response, and that return-

ing the boundary condition to its original value will result in a return of

the glacier to its original configuration. The response does not occur

instantaneously, however — the lag time depends on the size of the glacier

and can be many thousands of years for a large ice sheet.
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The second, cyclic steady-state, involves inherent cyclic processes

whereby Che extent of the ice changes in a periodic or pseudo-periodic way

due entirely to internal causes, without change in the externally-imposed

boundary conditions. The state of the system is constantly changing, al-

though the changes may be quite small most of the time. Both instantaneous-

ly and averaged over a length of time long compared with the cyclic period,

however, the system may be stable in the sense previously described. The

primary example of such behavior is the phenomenon of periodic glacial surg-

ing, known to occur in valley glaciers and recognized as at lrast a possi-

bility in major ice sheets.

The third type of behavior is unstable steady-state, wherein the

system can continue without change in dynamical description if boundary

conditions do not change, but the response to an external change is irrever-

sible — the system will move toward a new steady-state position, and w:ll

not return to its original configuration.

Finally, transience simply refers to a dynamical description that is

currently changing without any current change in boundary conditions, and

generally represents a transition toward a steady state, although in reali-

ty there is no guarantee that steady-state behavior will ever be reached.

Of course, real glacial systems are complex and may involve combina-

tions of types of behavior. It is quite possible to have short-term stabil-

ity superimposed on a longer—term transience, for example. Or, a system

may be stable with respect to some boundary conditions and unstable with

respect to others. Furthermore, the boundary conditions themselves may be

dependent on the system response (feedback); for example, change in surface

elevation of an ice sheet can change the urface temperature and mass

balance.
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Nevertheless, it is important to keep the basic distinctions in mind,

particularly with respect to cyclic steady-state and unstable steady-state.

The word "surge", used primarily to describe the rapid-advance phase of a

glacier in cyclic steady state, has recently been used also to include the

response of an ice sheet to a push from a position of unstable steady-state.

This is unfortunate, particularly in a discussion of interaction with

climate, because cyclic steady-state changes proceed, to the extent that

the whole cyclic process is stable, without or even despite changes in the

environment, whereas displacement from unstable steady-state occurs only

because of changes in the environment. The fact that the mechanisms of

cycling and unstable response may overlap in some cases only makes it more

important to keep the terminology straight. We will use "surge" for cyclic

changes only.

The West Antarctic marine ice sheet is, in principal, more vulnerable

to rapid change than the East Antarctic ice sheet simply because its rock

bed does lie far below sea level. A simplified, two-dimensional, theoreti-

cal analysis (Weertman, 1974) suggests that if the sea floor is flat, a

marine ice sheet is basically unstable — it will either extend its ground-

ing lines (the boundaries between the floating ice shelves and the grounded

inland ice) to deep water (i.e. the edge of the continental shelf) or dis-

appear completely, depending on the depth of water at the grounding line

(Figure 3). If the water there is deep enough, as it mostly is in West

Antarctica, the marginal portions of the inland ice (an ice sheet, by

definition, comprises both the grounded inland ice and, if they exist, the

floating ice shelves) tend to go afloat with a consequent flattening out

and spreading over the water. In the process, the elevation of the ice

surface diminishes, steepening the surface slope on the adjacent "upstream"
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CROSS SECTION OF MARINE ICE SHEET

BED ROCK

Figure 3. Schematic cross-section of a marine ice sheet. Short dashed
line under inland ice indicates level of bed without isostatic
depression.



IV. 12

part of the inland ice, and thereby accelerating the flow of ice from the

marginal zone of the inland ice into the ice shelf. This causes additional

thinning in that marginal zone, since the ice is now flowing out of the

region more rapidly than it is being replenished from upstream. As a

result, the grounding line retreats farther upstream and the thinning

process continues. Conversely, for a shallow sea floor, the tendency is

for the floating portion of the ice next to the grounding line to run

aground, which slows down its movement, causes it to thicken, and results

in a grounding line advance.

The dependence of growth or shrinkage on the depth of the bed below

sea level is of critical importance, since, if this model is even qualita-

tively correct, it provides a mode of direct response of a marine ice sheet

to externally imposed sea level changes. This could be of particular impor-

tance if there were a relatively shallow sill or shoal near the margin of

an extended marine ice sheet. In that case, if sea level should rise

sufficiently to produce a bed depth exceeding the critical one on the sill,

unstable retreat of the ice sheet would then follow as the grounding line

moved back into regions of deeper water behind the sill. Such shoals,

currently found along the edge of the continental shelf in the Ross Sea,

probably marked one margin of the late Pleistocene West Antarctic ice

sheet.

The idealized marine ice sheet can be made stable if the bed slopes

downward away from the center of the ice sheet, but if the bed slopes the

other way, the instability is accentuated. The latter is, in fact, the

case under most of the West Antarctic ice sheet, emphasized where the land

surface is isostatically depressed by the thick overlying ice sheet. Thus

the West Antarctic inland ice should not exist at all! However, the simpli-
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fied analyses do not take into account the restraints on the movement of

the great ice shelves stemming from both drag along their lateral bound-

aries and partial blockage at pinning points, spots within the boundaries

of the ice shelf where the ice locally is aground. These restraints may be

strong enough to allow the West Antarctic ice sheet to be stable in its

present configuration. According to these arguments, then, the existance

of the West Antarctic inland ice depends upon the existance of the ice

shelves.

If the existance of the inland ice depends upon the pinning points,

sea level becomes important again. The beds upon which the pinning points

rest commonly lie wall below sea level, not much higher than the surround-

ing sea floor. Consequently, a rising sea level could float the ice shelf

free of many of them, thus eliminating what could be the critical stabiliz-

ing factor. Conversely, a lowering of sea level could result in grounding

the ice shelf on other shoals, thus blocking ice shelf movement further and

contributing to advance of the grounding line. Since sea level responds

immediately to changes in ice volume in the Northern Hemisphere, it pro-

vides a direct mechanism linking northern and southern glaciation.

At present, there is not enough ice in the Northern Hemisphere to

threaten the West Antarctic ice sheet — even if it were all to melt, which

is highly unlikely, the resulting rise in sea level would be less than 10 m.

Only melting of the vast East Antarctic ice sheet could change sea level

enough, and that is far more unlikely still. Important as sea level change

may have been in the past, it does not pose a threat to the West Antarctic

ice sheet in the future.
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A more serious threat stems from the possibility of a change in ice

thickness. In its effect on grounding lines and pinning points, a 100-m

thinning of an ice shelf is equivalent to a 90 m rise in sea level. Climatic

warming is unlikely to have a significant effect on the upper surfaces of

most Antarctic ice shelves, because their mean annual temperature would

remain far below freezing and any summer meltwater would simply refreeze as

it percolated downward into the underlying cold snow layers. Any melting

on the underside of a shelf, however, would cause immediate and direct

thinning. The ice shelves are, therefore, potentially vulnerable to "warm"

(i.e. above-freezing) ocean currents circulating beneath them. We return

to this point later.

If, instead of a simple two-dimensional ice sheet, one considers a

three-dimensional model, then ice streams (fast-flowing "glaciers" within

ice sheets; see Figure 4) must be included, because their very high activi-

ty compared to the relatively sluggish sheet flow elsewhere makes it

virtually certain that they will play an important role in any response of

the ice. Ice streams occur in terrestrial as well as marine ice sheets,

and some progress has been made in modeling an ice stream as an individual

unit. However, attempts to model the dynamics of ice sheets that include

ice streams are just beginning. Ultimately, an adequate model must relate

movement of the ice sheet grounding line, particularly in the ice streams,

to such factors as downdraw of the ice stream drainage basins, the behavior

of any fringing ice shelves, rates of growth or shrinkage of other ice

sheets, processes of subglacial deposition and erosion (particularly at the

grounding line), and the response of the earth's mantle to crustal loads.
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Figure 4. Portion of the West Antarctic ice sheet
showing part of the Ross Ice Shelf
(lower right) and the adjacent inland
ice. Stippled areas labeled A-E are ice
streams. Standard grid coordinates are
shown here and in Figures 6, 7, and 8.
Grid north is toward Greenwich: grid
east is to the right.
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The few three-dimensional model studies that have been made of the

retreat of marine ice sheets in response to sea level rise at the beginning

of the Holocene support the suggestion that a marine ice sheet depends for

its existence on the presence of the ice shelves that surround it. The

vulnerability of marine ice sheets to climatic warming may then depend upon

the vulnerability of its ice shelves. If so, and if rising temperatures,

especially of the surrounding ocean water, were to lead to the disappear-

ance of the ice shelves, then rapid shrinkage of the marine ice sheet would

follow. However, there are widely divergent opinions on the speed with

which such ice shelves as those of the West Antarctic would respond to

temperature changes; the presence or absence of sea ice cover may also be

important.

As if the situation were not complicated enough, the possibility of

ice sheet surges, i.e. cyclic steady state, must also be considered. For

20 years or so it has been known that many valley glaciers in the mountain-

ous areas of the world are subject to periodic surging. During a surge,

the glacier ice moves at a speed that is many times faster than its speed

during normal times, but the surge lasts only a small fraction of the time

between the surges. Thus, in a short time a large amount of ice is moved

rapidly down the glacier, after which there is a long period of recovery

during which the ice in the upper regions of the glacier again builds up.

It is very unlikely that a surge would occur in all of Antarctica at

once, since the various sectors within the ice sheet probably have dynamic

behaviors that are largely independent of each other. Nevertheless, it is

possible that the sectors could surge independently; strong support for the

reality of ice sheet surging has come in recent years from computer model-

ing. Budd and Mclnnes (1979) have found that a numerical model showing
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surges can be produced by a particular choice in the calculation of certain

controlling parameters relating to the physical properties of the ice sheet.

The time between surges calculated from the computer models ranges from

10,000 to 25,000 years, depending on the size of the sector involved. The

true values of the controlling parameters are not well enough known for us

to be able to cite the modeling results as proof of surging; nevertheless,

the results are significant in showing that the concept is at least reason-

able. Furthermore, the calculated surface elevation profiles for a few areas is

both East and West Antarctica appear to match reality quite nicely if the

ice sheets have surged in the relatively recent past and are now in a

recovery stage.

There is, however, a serious obstacle to the concept of surges of a

system characterized by ice-stream flow. It is commonly believed that

glaciers have two modes of flow, fast and slow, and that cyclic steady

state is closely related to alternation between these two modes. Further-

more, it is probable that fast-moving ice streams are permanently in the

fast mode of flow, i.e. they are already in a state of "permanent surge".

If so, a further true surge would appear to be impossible, although a change

in boundary conditions could cause a change in speed of flow. As this would

apply to four out of five of the ice streams of the Ross Sea drainage system

(ice stream "C" is probably inactive at present), and as the ice streams

transport most of the ice of the system> it is difficult to see how the whole

drainage system can undergo a surge relative to its present state.
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PRESENT STATE OF THE WEST ANTARCTIC ICE SHEET

A fundamental aspect of understanding any ice sheet is the determina-

tion of its mass balance — is it growing, shrinking, or unchanging in

total mass? The present mass balance of the West Antarctic ice sheet is

not totally knowns but it is the subject ol widespread incerest because of

the unstable behavior of which deep-bedded marine ice sheets are probably

capable. It is; obvious that before any predictions can be made about the

future, it is necessary to understand the dynamic behavior of the ice sheet

under the conditions that exist now. This is not a simple matter, and it

will take many years to obtain a definitive solution. Nevertheless, there

is a substantial body of knowledge that does exist, collected principally

over the last quarter century, starting with the International Geophysical

Year (1GY) in 1957-58. before looking at the ice sheet itself, however, it

is worthwhile to consider the external evidence of sea level change.

Sea level change has been examined by many authors over the years —

we vill consider only a few recent studies that have tried to relate

changes to melting of Antarctic ice. Emery (1980) calculated a mean global

sea level rise of 3 •dw. yr~l over the past 40 years, an increase over the

1 mm yr~l average for the previous 50 years estimated by Fairbridge (1961),

and others. Adopting Emery's (1980) figures, Etkins and Epstein (1982)

calculate that about 0.5 mm yr~l could be attributed to thermal expansion

of uhe ocean in response to a 0.3°C increase in global mean temperature

over the earlier time period, but point out that thermal expansion is not a

likely contributor to sea level rise over the last 40 years since the

global mean temperature appears to have decreased by about 0.2°C. Instead,

they attribute the change to accelerated ice discharge, the most likely

source of which, they say, is West Antarctica.
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A substantially different result was found by Gornitz, et al. (1982),

who found no significant variations in sea level rise over the last century

from an. average of 1 mm yr~*. They used essentially the same data set as

Emery (1980), but took the mean of regional averages rather than the mean

of individual stations. They conclude that a large part, but probably not

all, of the sea level rise over the past century is due to thermal expan-

sion of the upper ocean; perhaps 0.5 mm yr~* can be attributed to ice melt.

As a compromise figure to compare with what we know about Antarctica,

we will adopt 1 mm yr~^ for sea level rise that might be attributed to ice

melt, a rate that would correspond, if unchanged, to disappearance of the

West Antarctic ice sheet in 5,000 years (assuming none of the melt is from

East Antarctica). This is certainly not a catastrophic rate, yet it has a

major glaciological significance if West Antarctica is indeed the source,

because a 1 mm yr~^ rise in the world ocean is equivalent to a 0.2 m yr~*

lowering of the ice sheet. To put this in perspective — 0.2 m yr~* is

approximately the rate of mean annual snow accumulation (measured in water

equivalent) on the West Antarctic surface. The implication, then, is that

the mass outflow is about twice as great as the mass input, an imbalance

that might be directly observable from mass balance studies in Antarctica.

Before examining the Antarctic data, it is important to recognize

that, in terms of mass balance, the interior of the West Antarctic ice

sheet comprises three different major ice drainage systems, feeding ice

into the Ross, Amundsen, and Weddell Seas, respectively (Figure 5 ) . (Minor

outflow from mountainous near-coastal areas between the Ross and Amundsen

Seas, along the Bellingshausen Sea, and along the Antarctic Peninsula can

be ignored for the purposes of this discussion.) Ice drainage systems,

like their fluvial equivalents, can have quite different mass balances, and
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flow lines. Flow vectors diverge from Ice divides into separate
drainage systems.
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must be considered separately. The largest of the three, both in terms of

total area and area of inland (grounded) ice drained, is the Ross Sea

system. It also is by far the best studied.

The Ross Sea drainage system comprises the ice that is discharged

through the Ross Ice Shelf. The farthest interior portion was fairly well

covered by oversnow traverses (Bentley, 1964); the portion of the inland

ice closer to the ice shelf has been well mapped for glacial and subglacial

topography by airborne radar overflights (Rose, 1979; 1982); and the Ross

Ice Shelf has been extensively studied (Bentley and Jezek, 1982). As a

result particularly of the information from the Ross Ice Shelf, quite a lot

can now be said about the present and recent past behavior of this drainage

system.

Ice resides in an ice shelf only a relatively short time. Whereas ice

spends tens of hundreds of thousands of years within the grounded inland

ice, very little of the ice in the Ross Ice Shelf has been part of the

shelf for longer than about 2,000 years. Thus the entire dynamic record in

the ice shelf reflects only what may be a fraction of the natural time res-

ponse of the ice sheet as a whole. Conversely, however, this limited time

range can provide an expanded scale which yields a rather good look at that

time interval.

Evidence for stability. There are several lines of evidence suggest-

ing present stability and the absence of large changes over the last 1,000

or 2,000 years. Using measured velocities, strain rates, and ice thick-

nesses, Thomas and Bentley (1978) calculated the mass balance in three flow

bands located in the grid-western half of che ice shelf. In two of these

three flow bands, after recalculation by Bentley and Jezek (1982) to take

into account the presence of a previously unrecognized ice »i;e, the indica-
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ted mass balance is near zero, if one assumes that the rate of ice melting

or freezing at the base of the ice shelf is small. Nearer the front of the

ice shelf, an apparent positive imbalance of 0,1 to 0.2 m/yr could be

attributed to bottom melting rather than to an actual thickening of the ice

shelf.

The assumption that the mass balance at the base of the ice shelf is

small was supported by direct evidence from ice coring through the shelf;

about 6 m of sea ice was found to exist at its base (Zotikov, et al., 1980).

Since the drill site was situated where the ice has been afloat for about

300 years since passage over the grounding line, the average bottom balance

rate is only about 20 mm of freeze-on per year. That amount is unimportant

from the standpoint of mass balance studies.

Another line of evidence comes from radar sounding records across the

grid-eastern sector (for an explanation of grid directions, see caption to

Figure 4) of the Ross Ice Shelf, which show striking variations in basal

reflectivity closely associated with the source of the ice. Ice from

glaciers in or through the Transantarctic Mountains shows a bottom echo

that is at least intermittently strong, whereas ice from between the

glaciers reflects the radar wave weakly at best, presumably due to brine

infiltration above the firn—ice boundary (Neal, 1979). The pattern of

strongly and weakly reflecting bands is easily correlated bttween flight

lines and can be used to infer the direction of ice flow almost all the way

to the barrier, i.e. over almost the entire residence time of the ice in

the shelf (Figure 6). There is good correspondence between the radar

reflection bands and the velocity vector data obtained by repeated Doppler-

satellite positioning (Figure 7 ) , the latter, of course, giving the

velocities during the period of measurement in the 1970"s. The good
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Figure 6. Flow line map for grid-eastern portion of Ross Ice Shelf.
Straight line segments indicate flight tracks. Dashed lines
show trajectories that can be traced by means of radar reflection
characteristics. Initials on ice shelf refer to corresponding
ice-source glacier (e.g. BG denotes ice from Beairdscore Glacier).
Circled letters denote ice streams shown in Figure 4. Grid
coordinates as in Figure 4.
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Figure 7. Flow line map for the entire Ross Ice Shelf based principally
on Doppler-satellite positioning, with interpolations using
measured strain rates. Some solar fixes were also used.
Circled letters denote ice streams shown in Fig. 4. Grid
coordinates as in Figure 4.
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correspondence between the two thus shows that the present-day velocities

are generally similar to those that have obtained over the last 1500 years

or so. It follows, then that any major changes of West Antarctic ice flow

within that time period are precluded, since a large increase or decrease

would inevitably result in a large distortion of the historic flow bands.

Evidence for variability. Complementary to the evidence just cited

for no major change over the last 1,500 years and for current mass balance

on the ice shelf itself, are several other lines of evidence suggesting

that changes may be substantial on a scale of tens or hundreds of years.

Airborne radar sounding, coupled with ground truth from surface work,

led to a detailed ice thickness map (Bentley, et al., 1979; Figure 8 ) . In

many parts of the ice shelf, the map reveals a much more complex system

than previously had been supposed. Broad intrusions of thick ice reflect

the tremendous volume of ice entering the shelf from the ice streams and

the outlet glaciers, particularly Ice Streams B and D and Byrd Glacier.

Crary Ice Rise, centrally located on the ice shelf, forms an obstruction to

ice flow that causes severe changes in ice thickness. The grid eastern

flank of the ire rise is wrapped by a thick finger of ice that may result

from the damming effect of the ice rise, but also may be interpreted as

evidence for a more grid-easterly position of the grounding line on this

flank of the ice rise some time in the recent past. The damming effect is

also manifest in the pronounced minimum in ice thickness in ths "lee" of

the ice rise, i.e. directly downstream. The contours upstream of Roosevelt

Island are convoluted and contain anomalous closed minima suggesting con-

siderable "turbulence" as Ice Streams D and E are deflected around the

island. The entire grid-eastern part of the shelf is characterized by

convoluted ice thickness patterns. There are several relative maxima and
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Figure 8. Map of Ross Ice Shelf thickness. Dots denote surface stations;
thin straight line segments indicate flight tracks. The contour
interval is 20 ra. Even-100-m contour lines are marked; also the
340 m and 360 m contour lines in the grid eastern portion of the
ice shelf. Circled letters denote ice streams shown in Figure 4.
Grid coordinates as in Figure 4.
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minima, an unusual ridge-trough structure - perhaps resulting from basal

melting and freezing - trails off downstream of Beardmore Glacier, and re-

markable "steps" in ice thickness, with as much as 60 m of displacement,

occur in a location on the ice shelf (about 9-l/2°S, 0° grid) where unusual

stresses are particularly unlikely to exist. It seems likely l;hat many of

these complexities arise from disequilibrium conditions in the ice shelf.

Further evidence of changing conditions comes from the occurrence of

pronounced downstream variations in the radar reflection characteristics

within individual bands that stem from alpine glaciers in the Transantarc-

tic Mountains (bands between "BG" and "NG" in Figure 6). Correlation bet-

ween glacier bands, particularly for deen internal reflectors, is good

enough to yield a striking pattern of coherent temporal variations, compris-

ing five zones of alternating reflection "quality" (a semi-quantitative

measure defined in Bentley (1981)), over the last 1,500 years. Just what

causes these variations is not at all clear; nevertheless, it seems inescap-

able that some sort of modification of the alpine glaciers themselves has

been occurring over that time period. It is difficult to be more specific,

especially since the source of the internal reflections is not even known.

The most likely explanation, in the author's opinion, is that past varia-

tions in the thickness of the ice shelf have caused advances and retreats

in the grounding lines at the mouths of the glaciers, and that these advan-

ces and retreats, by some unknown mechanism, govern the strength of the

internal reflections.

Evidence that the glacial phenomena are related to climatic changes

comes from the oxygen isotope ratios in the ice cores from Byrd Station

(Johnsen, et al., 1972) and Dome C (Lorius, et al., 1979). The Dome C

record shows a direct correspondence with all five of the "quality" zones
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in the internal reflections, with the more negative 6^°0 values correspond-

ing to the low "quality" zones (Figure 9 ) . At Byrd Station, the four

deeper zones all appear, although shifted perhaps 50-100 years later; the

record for the last 300 years does not exist in the Byrd Station core. The

amplitude of the 6*^O variations is between 1%O and 1.5%o at both stations,

corresponding to a temperature change of 1°-1.5°. Although oxygen isotope

ratios can change because of surface elevation changes, it is highly un-

likely that the heights of the East and West Antarctic ice sheets have been

oscillating in phase over a range of 100 or 200 m with a period of 800

years. Thus, a real atmospheric temperature change is indicated. Whether

the temperature changes caused the glacial variations in some way, or both

temperature and glacial changes reflect some larger-scale alternations in

the Ross Ice Shelf and, perhaps, in the regional sea ice cover, is an open

question — some model along the latter lines seems more likely to the

author.

Further evidence of change comes from an analysis by Jezek (1980) of

reflectors within the ice shelf that can be tracked downstream from Crary

Ice Rise. The tracks are found to cut across the flow lines drawn on the

basis of present-day velocities (Figure 10). Jezek (1980) concludes that

the origin point of the reflectors is the grounding line at the grid-

eastern margin of Crary Ice Rise. His analysis then suggests that a later-

al shift in the grounding line in the sense of a shrinking ice rise has

taken place, with the most rapid change occurring about 400 years ago.

That the fluctuations in the ice shelf are regionally controlled is sugges-

ted by the observation of a similar discrepancy between a reflector track

near the Siple Coast and the associated velocity vectors.
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Figure 9. (a) "Quality" vs. residence time on the ice shelf for the bands
corresponding to three alpine glaciers between Beardmore and
Nimrod outlet glaciers. Black sections have high "quality" (see
text) compared to white sections.

(b) Oxygen isotope ratios vs. age in drill holes at Dome C (East
Antarctica) and Byrd Station (West Antarctica). Black sections
correspond to relatively high 5^0 values (algebraically),
i.e. warmer temperatures; white sections to relatively low
values.



IV. 30

2W.7S

2W.11S

1E.7S

1 E.11 S

Figure 10. Tracks of characteristic reflectors (solid lines) and a flow
line based on the velocity vectors of Figure 7 (dashed line)
downstream from Crary Ice Rise.
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Yet another indication of a non-equilibrium state is the surface eleva-

tion profile of Crary Ice Rise. If the configuration of the Ross Ice Shelf

did not change for a long time, ice rises would attain their own equili-

brium elevation profiles, i.e. profiles that are balanced with respect to

the snow input and ice flow outwards into the surrounding ice shelf. Such

an equilibrium profile is shown by the large ice rise of Roosevelt Island

(Thomas, et al., 1980). Most of the smaller ice rises represent places

where the ice is only barely aground, and where the relative slope between

the sea floor and the bottom of the ice is likely to be very small. Conse-

quently they are very sensitive indicators of changes in sea level and/or

ice thickness. If ice rises have not attained equilibrium profiles, the

presumption of some kind of change in the ice shelf becomes very strong.

Aside from Roosevelt Inland, the surface elevation evidence is best over

Crary Ice Rise. Here the profile transverse to the direction of movement

of the surrounding shelf ice is strongly asymmetrical (Figure 11, from

MacAyeal and Thomas, 1980). Although the field measurements needed for a

quantitative analysis of the profile are not yet available, it appears high-

ly unlikely that any conceivable set of parameters could lead to a steady-

state profile of that shape. Since the surface is substantially too low

compared to an estimated steady-state profile, the implication is that the

ice rise is growing. Unfortunately, this is directly contrary to the evi-

dence presented from the analysis of the divergence between historic and

present-day flow directions as discussed above; the conflict remains unre-

solved.

Although mass balance measurements on the ice shelf itself suggest

near steady-state, those extending to entire drainage systems have long

suggested a very different situation, and those results have been confirmed
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Figure il. Transverse elevation profile of Crary Ice Rise, showing
measured and calculated equilibrium profiles. (From MacAyeal
and Thomas, 1980.)
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and extended by more recent measurements. From measurements in the early

1960's, Giovinetto and Zumberge (1968) found a positive net mass balance

for the entire drainage system, both West and East Antarctic, whose output

is through the Ross Ice Shelf. The imbalance was equivalent to 0.2 m yr~*

spread over the entire ice shelf; that amount would either have to be

melted off the underside of the ice shelf or the system would be out of

steady state. Data collected during the 1970's permitted separate balance

estimates to be made corresponding to ice input from East and West Antarc-

tica, and substantially reduced various errors below those in previous esti-

mates. Indications of a positive net mass balance have been strengthened

and can now be attributed separately to the East and West Antarctic contri-

butions.

For the sector of the shelf fed principally by East Antarctic outlet

glaciers, the indication is direct that more ice flows into the shelf than

flows out — 0.13 JH 0.05 m yr"* must either be melted off the underside of

the ice shelf or the ice shelf must be thickening. For the sector fed from

West Antarctica, there is no direct measure of solid ice flow into the

shelf. The calculation, therefore, is less accurate because it must in-

clude an estimate of surface accumultion rates throughout the West Antarc-

tic catchment area. But even assuming the low value of 100 kg m~2 yr~*

throughout the entire central region in which there are no measurements,

the indicated net mass flux is still positive (0.20 +_ 0.13 m yr~l), al-

though not significantly so at the 95% confidence level.

It should be emphasized that a positive net mass flux in the sector

fed from East Antarctica means directly that the ice shelf is thickening

(or melting), whereas a positive figure in the grid west implies an average

thickening of the ice in the entire West Antarctic drainage system, but not
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necessarily a Chickening (or melting) of the Ross Ice Shelf itself. Since

the measurements on the ice shelf suggest that the shelf is not thickening

at the present time, the implication is that less mass crosses the ground-

ing line than falls upstream, i.e. that there is a build-up of the West

Antarctic inland ice. Such a picture is consistent with a recovery mode

following a past surge, although of course it by no means proves such a

model.

The Weddell Sea drainage system is much more poorly known, although

the study of it, by Soviet and West German expeditions, has accelerated in

recent years. A mass balance estimate for a small part of it that dis-

charges through Rutford Ice Stream, suggests a slightly negative mass

balance (Crabtree and Doake, 1982), but this certainly cannot be

extrapolated to the whole system. Giovinetto (1970) calculated a large

positive mass balance for the East Antarctic contribution, but he had in-

sufficient information to draw any conclusions for West Antarctica. The

net result is that we have little basis on which to assign even a sign to

the mass balance of the West Antarctic/Weddell Sea drainage system, let

alone a magnitude.

The Amundsen Sea drainage system has been pointed to as the most like-

ly to be near instability, and the suggestion has been made by Hughes and

Denton (Stuiver, et al., 1981) that an excess mass output nay even exist

already. But a recent study of half of this system, the Pine Island

Glacier and its drainage basin, finds instead a strongly positive mass

balance, with mass input 3 _+ 1 times output (Crabtree and Doake, 1982).

Hughes (personal communication) has pointed out that Crabtree and Doake

(1982) have ignored bottom melt on the floating part of the glacier by us-

ing the ice thickness at the glacier front, but even if one combines the
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velocity at the front with the twice-greater thickness near the grounding

line (at the point where unconstricted flow begins), the balance is still

positive. For the entire drainage system, Giovinetto's (1964) estimate of

mass input balances an output speed of 2 km yr~* (i.e as measured for Pine

Island Glacier) through an output gate 1 km thick and 100 km wide (the com-

bined widths of Pine Island and Thwaites Glaciers).

Taken together, the evidence certainly does not suggest a negative

mass balance; if there is any imbalance, it appears rather to be positive.

In summary, the evidence from actual West Antarctic measurements, in-

complete though it may be, nevertheless is sufficient to make it very un-

likely that the overall mass outflow could be double the input. Only if

the output through the Weddell drainage system is many times the input

could that be the case.

Could the sea level rise come from excess ice loss in East Antarctica?

The large Lambert Glacier system exhibits a 3:1 mass build-up (Allison,

1979); the smaller Shirase Glacier basin shows an input:output ratio of

about 1.5 (Shimuzu, et al., 1978). In both cases the errors are substan-

tial, but taken together, they do not allow a net mass loss. A 2:1 mass

excess characterizes the East Antarctic flow through the Ross Ice Shelf

(Bentley and Jezek, 1982), and the East Antarctic/Weddell Sea drainage

system also exhibits a positive balance, as already mentioned. Almost

everywhere that measurements have.been made, the net balances are positive

rather than negative. Host of these measurements, however, are for systems

draining through major ice streams or ice shelves. Giovinetto (1970)

pointed out long ago that the laterally extensive coastal systems lying

between the measured drainage basins could conceivably be supplying the

excess water. However, as new measurements accumulate since his study,
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that becomes less and less likely. Even if the coastal systems are melting

rapidly enough, they hold no threat of an unstable acceleration. It is

safe to conclude, therefore, that the measured sea level rise does not

reflect any incipient catastrophe.

All of this relates to the present, however, and does not negate the

possibility of a rapid disappearance of the West Antarctic ice sheet soiae

time in the future. Indeed, the basic instability of marine ice sheets

remains, and the evidence that the ice sheet was very likely absent in the

last interglacial (Mercer, 1968) suggests that it may well shrink again.

This could happen naturally; we are particularly concerned, however, with

the possible effect of CC^-induced climatic warming on triggering or

accelerating the process. We consider that next.
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VULNERABILITY OF THE ICE SHEET TO CLIMATIC WARMING

Let us consider specifically the effect on the ice sheet of a rise ia

temperature. There are three boundary conditions that might change: the

temperature of the upper surface, the surface precipitation rate, and the

heat and mass exchange at the boundary between the ocean and the ice shelf.

Surface temperature on the ice sheet will change directly as the atmos-

pheric temperature changes. Any direct effect of surface temperature

change will be slow and minor. Only if summer temperatures reached 0°C

over substantial areas of the ice sheet could melting have a significant

impact on the surface mass balance. The lowest lying parts of the ice

sheet are the ice shelves, but even on them the mean annual temperature is

colder than -20°C, so they will remain cold (i.e. below the melting point)

until a temperature change is very large indeed, £ven if a temperature

change large enough to raise an entire ice shelf to the melting point did

occur, it would still take hundreds of years before that temperature change

would penetrate deeply into the ice through diffusion and advection pro-

cesses. Even then, the melting and spreading rates of the ice shelf would

not be affected in a major way.

Hughes (1982) suggests that surface meltwater could reach the base of

an ice shelf through crevasses that penetrate the ice along grounding

lines, and could then cause melting along this zone of weakness. He esti-

mates that the melt rate could reach 0.8 m yr~* if the meltwater from a

surface ablation rate of 0.1 m yr~* across the entire Ross Ice Shelf sur-

face were concentrated in a band 100 m wide beneath the ice, and states

that this process "could be the major effect of C02~induced climatic warm-

ing on ice shelves". It is not realistic, however, to assume that surface

meltwater from hundreds of kilometers away will flow up the surface slope
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to the grounding line. If we consider a more realistic model of meltwater

collected from, say, a surface band 10 km wide along the grounding line,

the basal melt rate is reduced to 0.04 m yr"1, probably not a significant

amount.

The surface precipitation rate poses more complicated problems. Any

atmospheric warming could be accompanied by sn increase of precipitation

resulting from an increased capacity of the air to carry moisture from the

ice-free regions of the Southern Ocean and an increase in the area free of

sea ice surrounding the Antarctic continent. On the other hand, changing

atmospheric circulation patterns could lead to the opposite effect. These

processes have received little attention in recent work on modeling region-

al features of the general circulation of the atmosphere*

However, a change in precipitation would probably not have a major

effect on any rapid changes in the ice sheet. The average accumulation

rate on the ice sheet is about 0.2 m yr~*. A rapid shrinkage in the ice

sheet would imply thinning rates at least an order of magnitude larger (see

discussion below). Therefore, even a doubling or halving of the precipita-

tion rate would have only relatively minor effect, nor could a change be

expected to trigger an instability.

Water temperatures and melt/freeze rates beneath the ice shelf. Unfor-

tunately, little is known about how to predict changes in ocean temperature

and circulation underneath the ice shelf in response to atmospheric tempera-

ture change. The problem is compounded by the fact that little also is

known about how melting or freezing rates would be modified by changes in

ocean temperature and circulation, even if they could be predicted. This

complex point is a critical weakness in our present ability to predict

quantitatively the response of the West Antarctic ice sheet to CO2~induced

temperature change.
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Nevertheless, we can make some order-of-magnitude estimates. Oceanc-

graphic observations extending along about one-third of the front of the

Ross Ice Shelf have shown a warm core of water (Figure 12) which has been

interpreted by Jacobs, et al. (1979) as probably circulating under the ice

shelf and causing mean melting from the underside of the grid-western part

of the shelf. They estimate that the melt rate may be on the order of

0.25 m yr"1. If, instead of the 0.5°C temperature difference now available

in the warm core, a temperature differential of 2° (or, say, a differential

of 1° combined with a doubling of the speed of the current) were to

develop, the melt rate could perhaps be increased to 1 m yr~*. In 100

years, thinning of the grid-western part of the shelf of 100 m would cause

a large retreat of the grounding line and would unpin most, if not all, of

the smaller ice rises (except, of course, Roosevelt Island). It might

thereby trigger an accelerated thinning of the ice shelf and a consequent

accelerated retreat of the grounding line. Accelerated bottom melt appears

to be by far the most likely mechanism by which climatic wanning could

affect the ice sheet rapidly.

500

1000
1-100 knH

Figure 12. Oceanographic section along front of Ross Ice Shelf, showing
water temperatures relative to freezing point. Contour
interval: 0.2°. Stippled: "cold" (teaperature differential
< 0.4°); white: "warm" (teaperature differential > 0.4°).
Sea floor is hachured. (Fron Jacobs, et al., 1979.)
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MAXIMUM RATE OF REMOVAL OF WEST ANTARCTIC ICE SHEET

A question of crucial practical importance is how fast a "rapid"

shrinkage could actually occur. The writer contends that decadal time

scales are physically impossible, and that even disappearance in, say, two

centuries involves very great problems stemming from the vast volume of ice

that has to be removed.

Some order of magnitude calculations based on a 200-yr removal time

will clarify the difficulties in getting rid of the West Antarctic ice

sheet so rapidly. The area of the inland ice sheet is about 2 x 10^ km?,

and its mean thickness is roughly 2 km. If we are concerned primarily with

sea level change, however, we need consider only the ice that needs to be

removed before the remainder is afloat — about half the total, or

2 x 10^ km3. The only rapid exit routes for this ice are through the

fast-moving ice streams and ice shelves whose total width is around 1100 km.

If we take the average thickness at the exit gates (principally the ice

shelves near their fronts) to be 0.3 km, the total cross-sectional area at

the exits is 330 km2, and we can view the ice to be discharged as a

"parade" of ice 6000 km long. To discharge it in 200 years would require

an average speed of 30 km yr~*, 30 times faster than the present-day rate.

Can such a speed be attained? Consider first the ice shelves. An

unconfined ice shelf spreading under its own weight and fixed at one end

theoretically would move forward at the other end at a speed given approxi-

mately by V = 4 x 10~18 H3 X (Weertman, 1974), where V is the speed, H is

the ice thickness, and X is the length of the ice shelf. Taking the Ross

Ice Shelf as an example (X = 500 km), assuming that it has gone completely

afloat without changing its average ice thickness from the present value of

about 400 m, and ignoring all lateral constraints, we find a tiontal speed
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of 4 km yr~l, four times faster than at present. To increase that speed to

30 km yr~* would thus require an eight-fold increase in speed, i.e. a doubl-

ing of the ice thickness. Thickening, however, cannot be allowed, because

it would cause the ice shelf to re-ground; a doubling of the thickness

would, in fact, result in a drastic advance of the grounding line. A

speed-up therefore would have to occur at the heads of the ice shelves, not

differentially across them.

But suppose that the mass input rate to the ice shelves were to

increase by a factor of 30. It is inconceivable that any such increase of

rate could occ«:r without causing the adjacent ice shelf to thicken and thus

once again to ground, unless the excess ice were to be melted off from the

underside of the shelves. The current volume flux through the Ross Ice

Shelf is on the order of 1 0 ^ m^ yr~*. A thirty-fold increase gives

3 x 10^2 m3 yr~l, of which 4 x lO^* nH yr~* is accommodated by the

increased ice shelf spreading rate. Since the area of the ice shelf is

4 x lOH m^, the average melt rata that would be required is on the order

of 7 m yr~ , ten times as much as the present-day value Crary (1961) found

at Little America, just south of the front of the ice shelf!

As previously mentioned, Jacobs, et al. (1979) have estimated a mean

melt rate under the ice shelf of 0.25 m yr~* in a region where water 0.5°

above freezing circulates beneath the shelf with a speed of about 7 mm s~l.

The required melt rate thus implies a 28-fold increase in heat flux to the

underside of tha shelf. Assuming that the melting rate efficiency did not

change, that means an increase in the product of ocean current velocity and

temperature differential by a factor of 28 — e.g. an increase in the tem-

perature differential to 3.5° and in the current speed to 30 mm s~l. Where-

as such oceanographic conditions are perhaps conceivable, they are hardly
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likely. It seems highly improbable, therefore, that the required discharge

can occur without first eliminating the ice shelves.

Suppose next that the ice shelves have been removed by some unspeci-

fied process. The ice streams can then discharge directly into the ocean,

unimpeded by the shelves. Since it is well recognized that the great bulk

of the ice will have to be carried by the ice streams, and they would con-

stitute only about half of the new coastline (Figure 4 ) , the width of the

exit gate would be cut in half. On the other hand, the ice thickness might

be about three times that assumed for the ice shelves, so the speed of move-

ment needed would be around 20 km yr~l.

The fastest ice stream/out let glacier speed known is ̂ 7 km yr~*

(Jacobshavn Glacier in Greenland). Speeds associated with surges of the

Antarctic ice sheet calculated from computer models by Budd and Mclnnes

(1979) reach "several kilometers p«r year"; these speeds are relevant since

the flow dynamics are probably similar. A simple empirical formula for ice

stream speed at the grounding line is given by Thomas, et al. (1979): V «

(Ha) , where a is the slope cf the upper surface. This implies that to

increase the speed from its present value of 0.5 km yr to 20 km yr would

necessitate an increase of more than 3 in the product Ha. Since H cannot

increase without advancing the grounding line, a has to triple. There is no

apparent reason for it to do so — in fact, as the ice sheet thins, its a *rage

surface slope, at least, must decrease.

It seems clear, then, that the ice cannot advance rapidly enough in

its unbroken form. The mechanism that must be called upon is calving and

removal as icebergs. Models commonly presented involve no ice shelf and a

rapidly retreating grounding line, with a more-or-less implicit assumption

of calving and removal of the ice as fast as it goes afloat. Thus, the
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rate of ice loss is equal to the cross-sectional area of the exit gate

multiplied by the sum of the glacier speed and the grounding line retreat

rate. This approach ignores the problem of ice removal, which still exists

even for floating ice. If the ice is not removed fast enough, it will have

to accumulate in situ, thus blocking the required ice flow and slowing down

the retreat of the grounding line.

Again, several approximations can be made: open water (or pack ice)

through which icebergs could move, would exit for perhaps one-third of the

year; icebergs would, on the average, be 200 m thick, i.e. one-fifch of the

ice thickness at the calving front, and would cover about half the surface

area of the sea. The removal speed required, therefore, is (20 x 3 x 5 x

2 = 600) km yr~l = 20 mm s~*. Ocean currents of this speed are common

enough, but here that needs to be the speed of the component of the current

perpendicular to the shoreline, a situation which is not common except

opposite river mouths or in regions of strong coastal upwelling.

It has been suggested that meltwater could produce the outflow needed;

this idea also can be tested by an order-of-magnitude estimate. Suppose

that a current 50 m deep and a speed of 20 mm s"1 would suffice to move the

icebergs at the same speed, and that there is an ablation zone on the ice

sheet 100 km wide (compared with essentially none at present). The abla-

tion rate needed to produce the required outflow would be (50 x .02 r

10->) m s~l, which comes to the absurd amount of 100 m during the course of

the assumed 4-month discharge season, two or three orders of magnitude

higher than reasonable.

A better possibility is the development of a gyral circulation, such

as exists now in the Weddell Sea. The problem would be to provide indivi-

dual gyres in each of the bays formed by the retreating ice streams. The
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net outflow speed in front of an ice stream would have to be twice the aver-

age calculated for the entire width of the ice margin, since the assumption

was made that the ice streams made up only half that width. Furthermore,

since the outflow would only be in half of the bay, and the current would

necessarily show some gradient in speed across the gyre, the current speed

along the ice front would have to be several times larger still. These

considerations imply current speeds of more than a tenth of a meter per

second, comparable to the main wind-driven currents of the ocean. Although

the development of such currents is not impossible, there is no apparent

reason why it should occur; surely much stronger currents hardly could be

expected.

It can be concluded, then, that discharge of the ice into the Weddell

and Ross Seas might barely be possible, although unlikely, in 200 years,

but only after removal of the ice shelves, and on the (unsubstantiated)

assumptions that calving would keep pace with grounding line retreat and

that the required flushing circulation would develop.

So far the outflow into the Amundsen Sea through Thwaites and Pine

Island Glaciers has implicitly been ignored. As has already been pointed

out above, Stuiver, et al. (1981) show that an exceptional potential for

instability exists there because of the absence of an extended ice shelf.

That may very well be, but the problem of rate is exacerbated by the rela-

tive narrowness of the exit gate. If we consider the combined glacier

width of 100 km and a thickness on the order of 1 km, the total length of

the "parade" of ice to be discharged is 20,000 km, so the equivalent

glacier speed needed for removal in 200 years is 100 km yr~*. Even if we

imagine the ice to be discharged through the entire 200 km width of Pine

Island Bay, the speed needed is still 50 km yr~*. Applying the iceberg
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discharge analysis as above leads to a required current speed of about

0.5 m s~l. This is unreasonably high, and implies that ice loss through

this exit would, at a minimum, take several times longer than 200 years.

It is the belief of the writer that the rejection of a 200-year time

scale is based on physically sound considerations. In the realm of specula-

tion, we might estimate a minimum time based on the discharge-limited model.

Assume that rapid retreat begins in Pine Island Bay. After 200 years the

interior ice is, say, one-quarter gone; outflow to the major ice shelves is

starting to be diminished seriously. During the next 200 years another

quarter of the ice goes out through Pine Island Bay, and the ice shelves

disappear. With the whole grounded ice front now exposed, the remaining

half of the ice is discharged in another 100 years. Minimum time: 500

years.
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CONCLUSION

The West Antarctic ice sheet appears at present to be in robust health.

Although all tests have not yet been completed, those that have point to

either balance or growth rather than shrinkage. The ice sheet may be vul-

nerable to attack through Pine Island Bay but no decay is yet apparent.

Its susceptibility to CO9-induced warming lies mainly in the possibility of

accelerated bottom melt under the ice shelves. Since Pine Island Bay is

lacking an ice shelf already, climatic warming probably would have a mini-

mal affect there. An estimated minimum time span for disappearance of the

ice above sea level is 500 years.
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There are two points I would like to make. First, the field evidence

is now overwhelming that over two-thirds of the West Antarctic ice sheet

has collapsed completely over the past 17,000 years, leaving the Ross and

Filchner-Ronne ice shelves as floating remnants of its former grounded extent.

Second, field data used as input to computer models of ice sheet dynamics

is the best way to determine the future behavior of the West Antarctic ice

sheet. Figures 1 and 2 locate Antarctic sites where I will discuss these points.

The field evidence supports the contention by Voronov (1960) that the

Antarctic ice sheet must advance onto the Antarctic continental shelf if

sea levf:l is lowered, and retreat from these areas when sea level rises

Hollin (1962) applied this suggestion to the late Wisconsin-Weichselian

glaciation, during which sea level dropped as much as 150 m (Hughes and

others, 1981, p. 3^5-311), and concluded that the Antarctic ice sheet would

have extended to the edge of the Antarctic continental shelf. Field evidence

that confirms this view has accumulated rapidly over the past decade. The

most definitive works are Kellogg and others (1979a, 1979b) for the Ross Sea

beyond the Ross Ice Shelf, Kellogg and Kellogg (1981) for the Ross Sea

beneath the Ross Ice Shelf, Anderson (1972), Orheim and ElverhjSi (1981)

and Elverhj5i (1981) for the Weddell Sea, and Domac (1980) and Domac and

others (1980) for the East Antarctic continental shelf along the George V

coast, Anderson and others (1979, 1980) have examined continental shelf and

slope sediments from the Coates coast of East Antarctica, around the Weddell

Sea, Bellingshausen Sea, and Ross Sea coasts of West Antarctica, to the

George V coast of East Antarctica. They concluded that this entire region

had been glaciated by Antarctic marine ice. To complete this picture Kellogg

and others (in press) have recently analyzed two cores from the outer continental
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Figure 1: Antarctic location map identifying mountains.
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Figure 2: Antarctic location map identifying ice streamsi.
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shelf of the Amundsen Sea, and concluded that this sector was the last to

be deglaciated, perhaps within the last 1000 years. Thus, studies on all

the continental shelves of West Antarctica and adjacent continental shelves

of East Antarctica show evidence of glaciation by an expanded Antarctic ice

sheet. Radio carbon dates from the Ross Sea (Kellogg and others, 1979a)

and the Weddell Sea ( Elverh^i. 1981) indicate that this expansion took

place during the worldwide late Wisconsin-Weichselian glaciation between

21,000 and 17,000 years BP, when maximum lowered sea level occurred.

How much were interior ice elevations increased by advance of the

ice-sheet margins? This is the other critical question that has been sub-

stantially answered by field data gathered over the past decade. Denton

and others (1971) reported that the Dry Valleys of McMurdo Sound in the

Ross Sea were invaded by fee lobes after lowered sea level had grounded

the Ross Ice Shelf. These lobes dammed lakes in the Dry Valleys, notably

Glacial Lake Washburn in Taylor Valley, and algae flourished in delta sedi-

ments accumulated along the lakes from streams fed by melting valley glaciers

during the Antarctic summer. Denton discovered that lowering levels of

these lakes were extremely sensitive indicators of the recession of late

Wisconsin-Weichselian grounded marine ice in the northern Ross Sea (Kellogg

and others, 1980; Stuiver and others, 1981). Over 130 radio carbon dates

from algae layers at different lake levels have provided a detailed history

of Ross Sea deglaciation. Extensive glacial geological studies in the

central Transantarctic Mountains (Mercer, 1968a, 1972; Mayewski, 1973; Denton,

1979, 1981) and the Ellsworth Mountains (Rutford and others, 1980), added

to earlier observations in the Executive Committee Range (Cameron and Goldthwait,

1961) and in the Thiel Mountains (B.J. Anderson, reported by Rutford and others,
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1980), and more recent studies in the George V Sound region of the Antarctic

Peninsula (Clapperton and Sugden, 1982), and in the northern Transantarctic

Mountains of Victoria Land (Mayewski and others, 1979; Denton, personal

communication, 1981) all point to the same conclusion: expansion of the

Antarctic ice sheet onto the Antarctic continental shelf as sea level dropped

produced higher elevations of interior ice in West Antarctica, but not in

East Antarctica. This contrast existed because the ice sheet expanded

much more in West Antarctica, and a concomitant expansion of sea ice probably

reduced precipitation the most over East Antarctica.

Recession of West Antarctic ice has lowered ice elevations by as much

as 1200 m in the Ross Sea embayments to produce the Ross Ice Shelf, by as

much as 2000 m in the Weddell Sea embayment to produce the Filchner-Ronne

Ice Shelf, and by as much as 500 m in central West Antarctica between these

two embayments. This total collapse of the marine West Antarctic ice sheet

in its Ross Sea and Weddell Sea sectors, and partial collapse of the remaining

ice sheet, has all occurred within the last 17,000 years. The terrestrial

East Antarctic and Greenland ice sheets show no record of marginal retreat

and interior collapse that is even remotely comparable. What glaciomarine

micropaleontologists and glacial geologists have documented in West Antarctica

over the past decade is dramatic confirmation of the Mercer (1968b) hypothesis

that the marine West Antarctic ice sheet is inherently unstable. I know of

no other result from the quarter-century of Antarctic research since the IGY

that has more profound implications for mankind than this body of field research.

Efforts to mode] the stability of the West Antarctic ice sheet must,

in my opinion, be designed to take full advantage of the new field data. By

this I mean that the models should not be developed solely from abstract
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glaciological principles, as though field observations were unimportant.

Instead, these observations should be at the heart of the models. The basic

field observations from Antarctica to be incorporated into a computer model

are:

1. About 90 percent of West Antarctic ice is discharged by ice streams

(Hughes, 1977; Cooper and others. 1982).

2. Surging ice streams are able to downdraw interior grounded ice, thereby

creating floating ice shelves (Stuiver and others, 1981).

3. An ice shelf lying in an embayment and pinned to the sea flo~<r at islands

and ice rises is able to buttress an ice stream and thereby control surges

(Thomas, 1973; Stuiver and others, 1981).

4. A buttressing ice shelf disintegrates when the rate of iceberg calving

along its seaward boundary exceeds the rate of grounding line retreat along

its landward boundary (Hughes and others, 1980; Stuiver and others, 1982;

Hughes; 1982, in press).

5. Rates of iceberg calving and grounding line retreat are related to changing

sea level, changing climate, changing ics drainage patterns, and changing

isostatic compensation (Stuiver and others, 1981; Fastook and Schmidt, 1982).

The above five features constitue the basic elements of the ice-sheet

disintegration model developed at the University of Maine. However, as in-

corporated into our original model, the full range of relationships amon;* these

features was not attained. Despite that, the model succeeded in reproducing

the major phases of marginal retreat and interior downdraw over the past

17,000 years that is knowr for the West Antarctic ice sheet from field studies

(Hughes and others, 1980; Stuiver and others, 1981). The original modeling

results and new field data pointed the way toward improvements in the model.



IV. 58

Most important were:

1. Replacing flowlines with flowbands so that changing ice-stream drainage

basins could be represented by variable flowband widths from the ice-shelf

grounding line to the interior ice divide.

2. Allowing variable accumulation and ablation rates along flowbands so

that ice discharged by ice streams would reflect responses of the ice sheet

to climatic changes.

3. Linking ice stream velocities to migration of ice divides and to formation

of ice shelves through downdraw of interior ice into ice streams.

4. Adjusting rates of exponential isostatic rebound to the changing load

of water beyond retreating grounding lines and the changing load of ice

behind retreating grounding lines.

5. Relating ice-stream discharge rates to rates of rising sea level, interior

downdraw, grounding line retreat, iceberg calving, surface melting, and

basal rebound, for all ice streams interacting with one another.

Step 5 is the most difficult since it is akin to a juggler keeping seven

balls in the air at once. Iceberg calving rates and surface accumlation/abla-

tion rates remain as specified input to themodel, In the improved model,

increased surface accumulation over the interior is concurrent with increased

surface melting along the margins, as climate warms and reduces the extent

of sea ice surrounding Antarctica. The increased accumulation rate was cali-

brated to produce the 200 m increase in surface elevation near the West Ant-

arctic ice divide over the past 20,000 years that Raynaud and tfhillans (1982)

deduced from the pressure of air bubbles in ice cores and iuterxor ice flow

conditions over that timespan. Despite the increased interior accumulation

rate, our model predicts present-day interior thinning near the West Antarctic
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ice divide of the same oidei as the 25 mm/yr that Whillans (1973) observed

just upslope from Byrd Station. In our model, however, this thinning is

caused by ice being downdrawn into ice streams that enter Fine Island Bay

on the Amundsen Sea flank of the West Antarctic ice sheet. In treating these

ice streams, Thwaites Glacier and Pine Island Glacier, our improved model

had a much more complete data.base than was available for our original model.

For Thwaites Glacier, R.J. Allen (personal communication, 1978) has measured

surface velocities and D.J. Drewry (personal communication, 1980) has measured

surface and bed elevation profiles and the grounding-line position. For

Pine Island Glacier, D.A. Tyler (personal communication, 1981) has measured

surface velocities and Crabtree and Doake (1982) have measured surface and

bed elevation profiles and the grounding-line position. Using these new data

in our improved model produced results which were not substantially different

from those we reported for our original model.

Given the general agreement between results obtained from our original

and improved models for ice-sheet disintegration, I an now of the opinion

that a deeper understanding of the stability of the West Antartic ice sheet

will require a different modeliag approach. Specifically, we will be developing

a three-dimensional, time-dependent finite-element model. Vigorous ice

streams do not develop spontaneously in computer models that make no specific

provision for them as C.S. Lingle (personal communication, 1981) discovered

whan he was unable to preserve West Antarctic ice streams in the Mahaffy

(1976) model for ice-sheet dynamics. Therefore, we plan to develop a

finite-element computer chip that will treat the essential features of ice

stream dynamics. This chip will then be coupled to our finite-element model

of ice sheet dynamics at those places where field observations show that an
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ice stream either is or was active. One of the essential features of the

ice stream is, of course, the ability to surge. The ice stream chip will

be based on data from our field studies and Landsat imagery studies of Byrd

Glacier, Thwaites Glacier, and Pine Island Glacier in Antarctica and of

Jacobshavn Glacier in Greenland.

These ice streams experience different kinds of boundary conditions.

Byi2 Glacier is buttressed by a confined and pinned ice shelf, and has a

bedrock sill that prevents irreversible grounding-line retreat. Jacobshavn

Glacier also has a bedrock sill that prevents grounding-line retreat, but

is buttressed by an ice shelf that has only lateral confinement and has no

bedrock pinning points. Moreover, Jacobshavn Glacier also has massive sur-

face melting in the summertime that may lubricate the bed to produce a

substantial seasonal velocity variation. Thwaites and Pine Island Glaciers

have no bedrock sills that could prevent irreversible grounding-line retreat

and CO2-induced atmospheric warming might also cause substantial summer melting.

Thwaites Glacier becomes an unconfined floating ice tongue, whereas Pine

Island Glacier becomes a floating ice tongue with only limited lateral con-

straint. Data showing the response of these ice streams to this spectrum

of boundary conditions will provide the constraints for developing a finite-ele-

ment computer chip that represents ice-stream dynamics. The chip will also

handle iceberg calving dynamics for floating ice streams, including the

effect of water-filled crevasses produced by climatic warming (Fastook and

Schmidt, 1982).

Modeling results point to the kinds of field data that are needed and

the places where data are needed most urgently. On a regional basis, mass

balance data are the most important. These data include ice elevation data
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accurate to centimeters, so that drainage areas of ice streams can be ac-

curately mapped and rates of elevation decrease and increase can be

distinguished. These data will help determine whether surges of individual

ice streams are gaining or losing vigor. Ultimately, earth-orbiting satel-

lites must provide the elevation data. Equally important are data on rates

of ice accumulation and ablation over the same regions where ice elevation

is recorded.

In view of the slow response of ice flow to changes in ice accumulation

and ablation rates, mass balance measurements must be determined both for

the present and for the past. Here again, ice-sheet models can tell us how

far into the past we need to know ice accumulation rates. Past rates can

be deduced from standard glaciological analyses of ice cores retrieved from

coreholes. However, deep drilling in Antarctica is extremely expensive with

the present technology, and the analysxs of ice cores is tedious. Ice

ablation in Antarctica is primarily by iceberg calving. Sublimation by

katabatic winds flowing down ice streams and, more importantly, melting

beneath floating ice-stream tongues and ice shelves may be great enough to

make the difference between a positive and a negative overall mass balance.

Ablation by iceberg calving could be monitored with satellite imagery in an

on-going program specifically devoted to this task. Rates of sublimation

and melting on the surface can be readily measured in the field, but basal

melting rates are much more elusive. We need a technological breakthrough

of the kind that radar sounding provided for mapping ice thickness and sub-

glacial topography.

Our model definitely pinpoints Pine Island Bay as the critical site for

future field studies. These studies should combine glacial geological and
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marine micropaleontological investigations of the glacial history with

glaciological and geophysical investigations of the present ice dynamics.

Mass balance studies of the drainage areas of Thwaites Glacier and Fine

Island Glacier should be conducted simultaneously with the calving dynamics

and grounding line stability of the floating tongues of these ice streams.

The need for a program of this type is obvious after comparing our mass

balance study with one by Crabtree and Doake (1982) for Pine Island Glacier.

The drainage area was determined by us using surface elevation data from

tractor-train traverses (American Geographical Society map of Antarctica,

sheet 13 of the World 1:5,000,000 Series) and balloon traverses (Levanon

and Bentley, 1979), whereas they used radio-echo airplane traverses. We

2 2

obtained 206,000 km compared to their 214,000 km . We both relied on often

highly subjective ice accumulation rates that were measured only along the

tractor-train traverse(Bull, 1971). Even more serious, using the same

radio-echo data and Landsat imagery, we concluded that ice was discharged
2 -1

across a calving front of 17.5 km at an average velocity of 2.4 km a ,
2 - 1 3—1

compared to their 13 km and 2.1 km a . Most serious, we find that 110 km a
is being discharged across the grounding line compared with 42 km a dis-

3 -1charged across the calving front, and that 95 km a is added to the ice

drainage area. On the face of it, the mass balance of Pine Island Glacier

is negative at the grounding line and positive at the calving front, with

3 - 1 2
68 km a being melted from 3150 km beneath the floating ice tongue at a

rate of nearly 2 m a . We have no idea how realistic any of these numbers

are. Unfortunately, this is the story for far too much of the West Antarctic

ice sheet.
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I would like to conclude my response to Professor Bentlay's presenta-

tion with a rebuttal to some of his conclusions. First, he disputes my

contention that virtually all surface meltwater that climatic warming

may produce on the Ross Ice Shelf would drain into crevasses alongside

ice streams and grounding lines (Hughes, 1982), and he argues that meltwater

drainage in a band only about 10 km wide is more realistic. In reply, I

would point out that surface meltwater streamlines can be plotted as lines

drawn normal to the ice thickness contour lines in Bentley's Figure 8, and

that a plot of these lines shows that nearly all meltwater formed on the

Ross Ice Shelf would be drained into known crevasses. In particular,

meltwater would flow down the ilanks of the thick ice-stream lobes that

are imbedded in the ice shelf or into the depressions that form in the lee

of ice rises and along grounding lines. This meltwater then enters crevasses

that are known to fracture the whole ice-shelf thickness, notably the

crevasses alongside Byrd Glacier and in the lee of Crary Ice Rise. The

weak links of the ice shelf to the ice streams that feed it and the ice

rises that pin it are thereby further weakened in the manner that I described

(Hughes, 1982). Any other surface meltwater would find its way to crevasses

along the calving front, and would act to accelerate the iceberg calving

rate in the manner analyzed by Fastook and Schmidt (1982). I stand by

my statement, therefore, that surface melting promotes rapid disintegration

of Antarctic ice shelves. It is not necessary that these ice shelves become

uniformly temperate, only that crevassed ice in their weak links does, and

surface meltwater accomplishes this by releasing latent heat as it descends

into crevasses.
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Second, once ice shelves are removed, Bentley contends that the width

of the "exit gate" for ice is halved because icebergs form along the entire

length of an ice-shelf calving front, but ice streams cross only about

half the length of ice-shelf grounding lines. Bentley then concludes that

removing ice shelves would not increase the volume of ice discharged by

a substantial amount. 1 counter his view by pointing out that most Antarctic

ice shelves lie in embayments, so that they have grounding lines that are

about triple the length of their calving fronts. Consequently, the exit

gates are wider when the ice shelf is removed even if ice streams cross

only half of the grounding line. Moreover, ice streams draining the marine

West Antarctic ice sheet are not confined in rock-walled fiords, so their

width is variable. Removal of a buttressing ice shelf should allow the ice

streams to surge. During the surge the ice streams may widen so that surge

conditions develop along the entire grounded perimeter, which is triple

the old calving perimeter. Paster ice moving across a broader front permits

rapid collapse of the marine ice sheet.

Third, the relationship between velocity V, ice thickness H, and surface

slope a (V <* H3 a3) that Bentley cited is inappropriate for ice streams,

as can be demonstrated by comparing ice streams B and C in his Figure 4.

Both have comparable values of H and a, but V for ice stream B exceeds V

for ice stream C by at least two orders of magnitude. Consequently, all

of Bentley's arguments deduced from this formula are unfounded. By avoiding

this incorrect formula and its contradictions, our model predicts a rapid

collapse of the West Antarctic ice sheet in about 200 years.

Fourth, Bentley states that icebergs calved from a collapsing West

Antarctic ice sheet must be removed rapidly by an ocean current that moves
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northward perpendicular to the coast, and no such current exists. Bentley

overlooks Ekman transport. The effect of earth rotation produces a Coriolis

force on the wind-driven Circumantarctic Current that moves the upper 50 m

to 100 m of water northward, perpendicular to the coast. Deeper water

moves in to replace this water and produces an upwelling along the coast.

The upwelling and the northward Ekman transport combine to float icebergs

away from the coast. Katabatic winds also push icebergs northward.

Fifth, Bentley discounts discharge of ice into Pine Island Bay as

causing the West Antarctic ice sheet to collapse in the 200 years predicted

by our model because he believes that an ice discharge velocity of some

50 km yr is too high and that icebergs could not be removed rapidly

enough at such a high discharge rate. I respond by pointing out that some

mountain glaciers surge at velocities in this range, so there is reason

to believe that Antarctic ice streams could as well, especially since they

lose all frictional contact with the bed when they become afloat. Ekman

drift will remove icebergs as rapidly as they form, whatever the rate,

because the Circumantarctic Current is the most powerful ocean current

on the planet. Finally, in his calculation, Bentley assumes that all West

Antarctic ice is discharged into Pine Island Bay, whereas our model predicts

that ice downdrawn into Pine Island Bay destabilizes the Ross and Weddell

Sea flanks of West Antarctica, promoting concomitant collapse of those

sectors as well. This interaction means that less ice must be discharged

into Pine Island Bay, so the average discharge velocity over the 200-year

timespan of collapse is much less than what Bentley calculated.

The most important prediction of our model is that irreversible collapse

of the West Antarctic ice sheet has already begun as a consequence of the
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disintegration of a buttressing ice shelf in Pine Island Bay some time

during the past few centures. Deglaciation of Pine Island Bay in the past

1000 years has been postulated by Kellogg and others (in press) from their

analysis of sediments cored in the Amundsen Sea. If our model and the

interpretation of the sea floor sediments are correct, then I would predict

that CO.-induced climatic warming will serve primarily to accelerate a

process that is already underway.

Accelerated ice discharge will be accomplished by pronounced surface

melting, with the meltwater being transported to the bed through the

innumerable surface crevasses, thereby facilitating ice-bed uncoupling.

This seems to be the mechanism that accounts for the unusually rapid

velocity of Jacobshavn Glacier in Greenland. Climatic warming could

duplicate these conditions for all Antarctic ice streams, in both East and

West Antarctica, that are not presently buttressed by ice shelves. The

number of unbuttressed Antarctic ice streams is substantial, and if they

all attained the velocity of Jacobshavn Glacier, the rise in sea level

would be much faster and greater than would be the case if only West Antarctic

ice streams were affected.

Accelerated retreat of ice stream grounding ""nes is also facilitated

by pronounced surface melting induced by climatic warming. Surface melting

removes much more ice on the heavily crevassed surfaces of ice streams than

on the smooth ice surfaces between ice streams or at the base of ice streams.

This loss of surface ice lifts basal ice an amount that is a multiple of

the surface lowering, in proportion to the greater area of the rough sur-

face to the smooth base of the ice stream. This is why surface melting is



IV.67

more important than basal melting, contrary to Bentley's contention.

Raising the base of the ice stream compels its grounding line to retreat.

In the case cf Thwaites and Fine Isalnd Glaciers, the grounding lines

retreat downslope into Bentley Subglacial Trench, which lies 2500 m below

sea level. The grounding line retreats rapidly under these conditions,

and collapse of the West Antarctic ice sheet is irreversible.

1 call the link between "what has happened" and "what will happen"

The Jacobshavn Effect. On Jacobshavn Glacier in Greenland, we measured

surface melting rates in July 1978 that averaged 6 cm/day on all faces

of crevasses and seracs. The crevasses and seracs approximately tripled

the surface area of Jacobshavn Glacier, compared to the smooth basal area

that we observed on overturned icebergs in Jacobshavn Isfjord. Melting

over a surface area that is triple the basal area, combined with the

natural buoyancy of floating ice, raises basal ice at the grounding line

a full 10 m over 60 days of summer melting at 6 cm/day. Consequently,

the impact of a 150 m rise in sea level, which collapsed two-thirds of

the West Antarctic ice sheet from 17,000 years BP to 7000 years BP, could

be duplicated by C0n-induced climatic warming in only 15 years, it is

highly unlikely that the remaining one-third of the grounded West Antarctic

ice sheet would survive intact. This is The Jacobshavn Effect.

Since The Jacobshavn Effect already operates in Greenland, why hasn't

the Greenland ice sheet collapsed? The answer is that the Greenland ice

sheet is terrestrial; it is grounded on a bed that is mostly above sea

level and Greenland ice streams typically are confined in narrow fjords.

For example, Jacobshavn Isfjord is only 10 km wide, yet Jacobshavn Glacier

drains an area of the Greenland ice sheet that is as large as the Ross Ice
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Shelf of Antarctica (which is the size of Texas or France). The Vest

Antarctic ice sheet, on the other hand, is marine; it is grounded on a

bed that is mostly far below sea level and West Antarctic ice streams

are not confined between fjord walls. The essential difference between

ice streams draining terrestrial and marine ice sheets is that surface

melting or rising sea level causes terrestrial grounding lines to migrate

upslope to the headwalls of fjords, whereas marine grounding lines

migrate downslope without lateral confinement. Upslope migration is

stable and reversible, but downslope migration in unstable and irreversible

(Stuiver and others, 1981). Moreover, with no lateral confinement between

fjord walls, marine ice streams can widen when they surge. This allows

more ice to be discharged and may even permit neighboring ice streams

to merge so that the surge condition becomes general sheet-flow along

the margin, instead of confined to stream-flow.

It is probably unrealistic to imagine that CO^-induced climatic

warming would produce surface melting rates on most Antarctic ice streams

that would compare with the 6 cm/day observed for summer melting on

Jacobshavn Glacier. A more reasonable summer melting rate would be perhaps

0.5 cm/day, which compares to summer melting rates that katabatic winds

produce on Byrd Glacier. On the other side of the coin, however, this

reduced Jacobshavn Effect could be felt by all Antarctic ice streams,

so that both East and West Antarctic ice would contribute to rising sea

level. Even after the West Antarctic ice sheet collapsed, therefore,

sea level would continue to rise so long as East Antarctic ice streams

responded to The Jacobshavn Effect. Minimum rise in sea level: over

7 meters. Minimum time: within 200 years.



IV. 69

REFERENCES CITED

Anderson, J.B., 1972. The marine geology of the Weddell Sea (doctoral dis-

sertation). Florida State University, Tallahassee.

Anderson, J.B., Kurtz, D.D., and Weaver, F.M., 1979. Sedimentation on the

Antarctic continental slope. Society of Economic Paleontologists and

Mineralogists, Special Publication Number 27, p. 265-283.

Anderson, J.B., Kurtz, D.D., Domac, E.W., and Balshaw, K.M., 1980. Glacial

and glacial marine sediments on the Antarictic continental shelf. Journal

of Geology, Vol. 88, p. 399-414.

Bull, C , 1971. Snow accumulation in Antarctica. In: Research in the

Antarctic, edited by L.O. Quam. American Association for the Advancement

of Science, Washingtoa, p. 367-421.

Cameron, R.L., and Goldthwait, R.P., 1961. The U.S.-I.G.Y. contribution to

Antarctic glaciology. International Association of Scientific Hydrology,

Publication 55, p. 7-13.

Clapperton, CM., and Sugden, D.E., 1982. Glacier fluctuations in George VI

Sound area, West Antarctica (abstract). Annals of Gl.aciology, Vol. 3,

p. 345.

Cooper, A.P.R., Mclntyre, N.F., and Robin, G. deQ., 1982. Driving stresses

in the Antarctic ice sheet. Annals of Glaciology, Vol. 3, p. 59-64.

Crabtree, R.D., and Doake, C.S.M., 1982. Pine Island Glacier and its drainage

basin: Results from radio-echo sounding. Annals of Glaciology, Vol. 3,

p. 65-70.

Denton, G.H., 1979. Glacial history of the Byrd-Darwin Glacier area, Trans-

antarctic Mountains. Antarctic Journal of the United States, Vol. 14,

no. 5, p. 57-58.



IV. 70

_, 1981. Glacial geology in the McMurdo Sound region: 1980-1981.

Antarctic Journal of the United States, Vol. 16, no. 5, p. 68-69.

Denton, G.H., Armstrong, R.L., and Stuiver, M., 1971. The late Cenozoic

glacial history of Antarctic*1. In: The Late Cenozoic Glacial Ages,

edited by K.K. Turekian, Yale University Press, New Haven, p. 267-306.

Domac, E.W., 1980. Glacial marine geology of the George V-Adelie continental

shelf, East Antarctica. (Masters thesis). Rice University, Houston, Texas.

Domac, E.W., Anderson, J.B., and Rurtz, D.D., 1980. Clast shape as an indicator

of transport and depositional mechanisms in glacial marine sediments:

George V continental shelf, Antarctica. Journal of Sedimentary Petrology,

Vol. 50, no. 3, p. 813-820.

Elverhtfi, A., 1981. Evidence for a late Wisconsin glaciation of the Weddell

Sea, Nature, Vol. 293, p. 641-642.

Fastook, J.L., and Schmidt, W.F., 1982. Finite-element analysis of calving

from ice fronts. Annals of Glaciology, Vol. 3, p. 103-106.

Hollin, J.T., 1962. On the glacial history of Antarctica. Journal of Glaci-

ology, Vol. 4, p. 173-195.

Hughes, T., 1977. West Antarctic ice streams. Reviews of Geophysics and

Space Physics, Vol. 15, no. 1, p. 1-46.

, 1982. On the disintegration of ice shelves: The role of thinning.

Annals of Glaciology, Vol. 3, p. 146-151.

, in press. On the disintegration of ice shelves: The role of fracture.

Journal of Glaciology.

Hughes, T., Fastook, J.L., and Denton, G.H., 1980. Cliraatic warming and collapse

of the West Antarctic ice sheet. Workshop on Environmental and Societal

Consequences of a Possible CO9-induced Climate Change, C02, Vol. 009,

p. 152-182.



IV. 71

Hughes, T.J., Dent: en. G.H., Andersen, B.S., Schilling, D.H., Fastook, J.L.,

and Lingle, C.S., 1981. liie last great ice sheets: A global view.

In: The Last Great Ice Sheets, edited by G.H. Denton and T.J. Hughes,

Wiley-Interscience, New York, p. 263-317.

Kellogg, T.B., Osterman, L.E., Stuiver, M., 1979a. Late Quaternary sedimentology

and benthic foraminiferal paleoecology of the Ross Sea, Antarctica. Journal

of Foraminiferal Research, Vol. 9, no. 4, p. 322-335.

Kellogg, T.B., liuesdale, R.S., and Osterman, L.E., 1979b. Late Quaternary

extent of the West Antarctic ice sheet: New evidence from Ross Sea cores.

Geology, Vol. 7, p. 249-253.

Kellogg, D.E., Stuiver, M., Kellogg, T.B., and Denton, G.H., 1980. Hon-marine

diatoms from late Wisconsin perched deltas in Taylor Valley, Antarctica.

Palaeogeography, Palaeoclimatology, Falaeoecology, Vol. 30, p. 157-189.

Kellogg, T.B., and Kellogg, D.E., 1981. Pleistocene sediments beneath the

Ross Ice Shelf. Nature, Vol. 293, no. 5828, p. 130-133.

Kellogg, T.B., Kellogg, D.E., and Anderson, J.B., in press. Preliminary results

of microfossil analyses of Amundsen Sea sediment cores. Antarctic Journal

of the United States.

Levanon, N., and Bentley, C.R., 1979. Ice elevation map of Queen Maud Land,

Antarctica, from balloon altimetry. Nature, Vol. 278, no. 5707, p. 842-844.

Orheiin, 0., and ElverhjSi, 1981. Model for submarine glacial deposition.

Annals of Glaciology, Vol. 2, p. 123-128.

Mahaffy, M.W., 1976. A three-dimensional numerical inodel of ice sheets: Tests

on the Barnes ice cap, Northwest Territories. Journal of Geophysical Research,

Vol. 81, no. 6, p. 1059-1066.



IV. 72

Mayewski, P,A., 1973. The glacial geology and late Cenozoic history of the

Transantarctic Mountains (doctoral dissertation), Ohio State University,

Columbus.

Mayewski, P.A., Attig, John W., Jr., and Drewry, D.J., 1979. Pattern of

ice surface lowering for Rennick Glacier, northern Victoria Land, Ant-

arctica. Journal of Glaciology, Vol. 22, no. 86, p. 53-65.

Mercer, J.H., 1968a. Glacial geology of the Reedy Glacier area, Antarctica.

Geological Society of America Bulletin, Vol. 79, p. 471-486.

, 1968b. Antarctic ice and Sangamon sea level. International Association

of Scientific Hydrology, Publication 79, p. 217-225.

, 1972. Some observations on the glacial geology of the Beardmore

Glacier area. In: Antarctic Geology and Geophysics, edited by R.J. Adie,

Universitetsforlaget, Oslo, p. 427-433.

Raynaud, D., and Whillans, I.M., 1982. Air content of the Byrd core and past

changes in the West Antarctic ice sheet. Annals of Glaciology, Vol. 3,

p. 269-273.

Rutford, R.H., Denton, G.H., and Andersen, B.G., 1980. Glacial history of the

Ellsworth Mountains, Antarctic Journal of the United States, Vol. 15,

no. 5, p. 56-57.

Stuiver, M., Denton, G.H., Hughes, T.J., and Fastook, J.L., 1981. History of

the marine ice sheet in West Antarctica during the last glaciation: A

working hypothesis. In: The Last Great Ice Sheets, edited by G.H. Denton

and T.J. Hughes. Wiley-Interscience, New York, p. 319-436.

Thomas, R.H., 1973, The creep of ice shelves: Interpretation of observed

behavior. Journal of Glaciology, Vol. 12, no. 64, p. 55-70.



IV. 73

Voronov, P.S., 1960. Opyt restavratsii lednikovogo shchita Antarktidy epokhi

maksimal'nogo oledeneniya Zemli (Attempt to reconstruct the ice sheet

of Antarctica at the time of the maximum gLaciation on Earth). Inf onnat-

sionnyy Byulleten1 Sovetskoy Antarkticheskoy Ekspeditsii (Information

Bulletin of the Soviet Antarctic Expedition), no. 23, p. 15-19.

Whillans, I.M., 1973. State oZ equilibrium of the West Antarctic inland ice

sheet. Science, Vol. 132, p. 476-479.



IV-75

COMMENTS ABOUT THE OCEAN ROLE

IN THE ANTARCTIC GLACIAL ICE BALANCE
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ABSTRACT

The oceanic heat believed to be responsible for basal melting of

Antarctic ice shelves is derived from the relatively warm-saline CIrcumpolar

Deep Water (CDW) found below the pycnocline of the Southern Ocean. The CDW

temperature and salinity characteristics are derived by poleward flux across

the Antarctic Circumpolar Current, primarily by eddy processes. Deep water

temperatures adjacent to the continental margins varies with longitude

from near 0.5°C in the Weddell region to closer to above 1.5°C in the

Bellingshausen-Admunsen Seas* Intrusion of CDW onto the continental shelf

supplies heat which could melt glacial ice. The CDW temperature is sur-

prisingly vulnerable to sudden change as revealed by a 0.4°C decrease during

the 1970's in the Weddell Sea.

A C02~induced climate alteration would most likely change the CDW tem-

perature which in turn could influence the glacial Ice melting rate. A

hypothesis is presented linking CDW temperature to pycnocline stability, with

Increased warming as pycnocline stability inhibits vertical heat flux into the

surface water and atmosphere. Increases in CDW temperature of 0.5°C seem pos-

sible, given the results of climate models and using reasonable assumptions.

However, a coupled ocean-atmosphere model which properly parameterizes sea Ice

is needed to evaluate cross pycnocline heat and salinity flux and to fully

assess the impact of climate changes on the CDW.
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INTRODUCTION

Prof. Bentley, in "The West Antarctic Ice Sheet: Diagnosis and

Prognosis" presents a reasonable case against rapid (on a time scale of less

than a few centuries) disintegration of the West Antarctic Ice Sheet. How-

ever, variations of ocean temperature that could alter the basal melting rate

are within the realm of possibility, even within relatively brief periods.

Therefore the ocean temperature response to a C02~induced climate change bears

inspection, although models are probably not sophisticated enough to form

solid conclusions.

The objective of this response to Prof. Bentley*s manuscript is first to

demonstrate the source of the oceanic heat responsible for ice shelf basal

melting, then show the vulnerability of this source to changes, and finally to

speculate as to how a C0«—induced atmospheric warming might influence basal

melting.

SOURCE OF OCEANIC HEAT

Jacobs, Gordon and Ardai (1979) indicate that the oceanic heat respon-

sible for basal melting of the Ross Ice Shelf derives from poleward transfer

of heat within a relatively warm core revealed by hydrographic sections along

the Ross Barrier (Figure 1 of Jacobs, Gordon and Ardai, 1979; and Figure 12 of
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Bentley's manuscript)* This feature moves beneath the Ice shelf "Barrier" at

temperatures of about 1°C above the in situ freezing point of sea water, and

is situated in the 200-300 meter depth interval from approximately 165°W to

170°W. Poleward mean flow of uader 1 cm/sec within the warm core is suggested

by Jacobs, Gordon and Ardai (1979).

The source of the warm core can be found by tracing seaward the rela-

tively warm water layer associated with the warm core feature at the Barrier

(Figure 1, from Ainley and Jacobs, 1981). The source is not surface water,

but rather it appears to be derived from the relatively warm Circumpolar Deep

Water (CDW) found below the pycnocline of the Southern Ocean. Cross-shelf

sections to the east and west of that shown in Figure 1 show a less developed

or no warm mid-depth layer over the continental shelf, suggesting a rather

limited connection of the warm core to the CDW. Isopycnal spreading of water

characteristics is a dominant mode of property transfer in the ocean but at

present the CDW and ice shelf base are isopycnally linked in a limited region.

Only in the east-central Ross Sea does the open ocean CDW share the same den-

sity interval (isopycnal) as the water found at basal depths of the ice shelf

Barrier. Possibly, in the past the volume of the saltier, denser shelf water

on the western continental shelf may have differed. This would probably shift

the warm core position or alter its along—Barrier dimensions, hence changing

the melting pattern below the ice shelf. Alterations of the density pattern

along the Barrier could be induced by climatic events, such as changes in the

wind or thermohaline forcing of the Ross Sea. This possibility is not

explored in this paper, but should be kept in mind for more detailed

consideration.

The CDW is about 2 to 3°C warmer than the winter surface water or its

summer remnant, the subsurface temperature minimum. The extension of CDW
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Figure 1. Temperature, salinity, oxygen and silicate for a section normally
along 173°W. The upper panel shows avian biomass (Kg km"2), pack
ice (oktas), Secchi disc depth (m) and dynamic topography of the
sea surface (relative to 500 m) along the transect (from Ainley and
Jacobs, 1981).
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characteristics o»er the continental shelf is much attenuated, primarily

across the frontal zone at the shelf to slope transition (Ainley and Jacobs,

1981). Whereas the CDW adjacent to the Ross Sea continental slope attains a

temperature near 1.25°C the mid-depth warm layer on the shelf is about -1.0°C.

In the Weddell Sea a similar pattern is observed (Figure 2, from Foster

and Carmack, 1976), though a warm core at the ice shelves of the Weddell Sea

have not yet been observed. A major difference between the Weddell and the

Ross regions is that in the Weddell the temperatures are lower. There the

open ocean temperature maximum is near 0.5°C and the warm core intrusion is

near -1.6°C, though the difference of 2°C is similar to the Ross Sea situa-

tion. The colder deep water of the Weddell may allow for less ocean Induced

basal melting of the ice shelves of the Weddell Sea region and hence be

responsible for the thicker ice shelves there relative to the Ross Ice Shelf.

The circumpolar deep water characteristics are obtained by downward heat

and salt flu>: within the main thermoclines of the ocean and by formation of

North Atlantic Deep Water (Gordon, 1975). These characteristics spread Into

the Southern Ocean primarily by eddy fluxes across the Antarctic Circumpolar

Current (Bryden, 1979; de Szoeke and Levine, 1981). Since the abyssal water

of the world ocean has a mean temperature just under 2°C (Gordon, 1975) this

would mark the maximum temperature CDW can attain if cooling of CDW by the

general ocean to atmospheric heat transfer of the Southern Ocean were to

cease. Naturally, the abyssal temperature might increase in response to a CO^

climate change, but the characteristic time scale of over 1000 years for the

abyssal volume is slow compared to the century time scale of the CDW, and may

not be significant to the question at hand, i.e. the collapse of the West

Antarctic Ice Sheet. If the shelf warm layer warms in a parallel fashion with

the open ocean CDW but with a 2°C lag, as is presently the case, then a warm
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POTENTIAL DENSITY {O«c. ta-s l

Figure 2. The frontal zone for the section crossing the shelf break at
about 40cW. a. Potential temperature (°C). b. Salinity (°/»),
c. Potential density relative to 0-dbar pressure (ao)« (From
Foster and Carmack, 1976.)
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core of about 0°C (about 2°C above freezing) would be expected for the

temperature at the warm core feature. Again this would be the case If ocean

to atmosphere heat transfer were to go essentially to zero from the present

value of 31 watts/m2 In the 60°-70°S belt (Ssectlon IV).

VULNERABILITY OF DEEP WATER TO CHANGE

The CDW or warm deep water of the Weddell Sea based on hydrographic data

obtained prior to 1973 is about 0.4° to 0.5°C (Deacon, 1979). However during

the middle 1970's the deep water temperatures decreased markedly (Gordon,

1982). Comparison of temperature versus depth for data obtained In 1973 with

data obtained in 1977 for the area near 65°S 20°W (Figure 3) show a tempera-

ture decrease of up to 0.5°C from 200 to 2500 meters. The deep water cooling

effected an area of about 4 x 10^ km^.

Gordon (1982) presents the case that the deep water cooling was asso-

ciated with vigorous vertical overturning and accelerated heat loss to the

atmosphere during the austral winter periods of 1974, 1975 and 1976 coupled to

the presence of an open ocean Ice free or polynya region (the Weddell Polynya,

Carsey, 198C>. The cause of the enhanced vertical overturning during the

middle 1970's is not known, though It is probable that a decrease of the

pycnocline vertical stability initiated the overturning conditions.

While the Weddell deep water cooling of the middle 1970's may be a

temporary event (since the polynya situation has not reoccurred since 1976)

and would only impose a brief cooling of the shelf warm deep water and

decrease of glacial Ice melting, it does point to the vulnerability of deep

water to rapid variability.
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Figure 3. Potential temperature versus depth at standard levels for Glacier
stations 11, 13 and 16 obtained in 1973, and from the CTD listings
for ISLAS ORCADAS cruise 12 stations 123, 124 and 125 obtained in
1977.
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POSSIBLE IMPACT OF A CLIMATE CHANGE ON GLACIAL ICE MELT

A hypothesis can be used to evaluate the effects of a CC^-induced climat-

ic change over the Southern Ocean: deep Hater temperature of the open ocean

and its extension over the continental shelf is directly related to the static

stability of the pycnocline between the surface and deep water. When stabil-

ity is low, vertical heat exchange is large and the deep water is cooled.

High stability leads to reduced vertical exchange and hence warmer deep water.

The temperature of the deep water can be expected to be directly related to

the melting potential of the ice shelf. Stated briefly if the heat supplied

from the north is not lost by cross pycnocline flux directly to the atmos-

phere, then the deep water temperature increases and heat transfer to the

glacial ice would be expected to increase.

Manabe and Stouffer's (1980) investigation of the climate variations

induced by a fourfold CO2 increase forecast a warmer, wetter climate over the

Southern Ocean. Both these changes yield more stable stratification than

exists at present and according to the above hypothesis, warmer deep water and

increased glacial ice melting.

Gordon (1981) calculated annual deep water to surface water heat flux of

31 watts/meter2 for the 6O°-7O°S belt, within which most of the seasonal sea

ice is found. This is about one order of magnitude larger than the Arctic

heat flux, and the difference can be attributed to the contrast in strength of

the two polar pycnoclines.

The Southern Ocean pycnocline weakness is a consequence of two factors:

(I) The regional wind induced Ekman divergence of the surface layer leads to

short residence time for the surface water. We can estimate about two years

for the 20 x 106 km2 area influenced by sea ice, using a total Ekraan upwelling

of 30 x 106 m3/sec for the region south of 60°S (Gordon, 1971). This removal
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of any accumulative buoyancy and eradication of "climatic memory" from the

surface water would Induce a rapid espouse of the ocean to climate anomalies.

(2) The buoyancy removal by cooling and buoyancy addition by net fresh water

introduction tend to compensate one another so the upwelling deep water cools

and freshens but undergoes only small density changes. The Southern Ocean

pycnocline is only marginally stable allowing relatively vigorous vertical

exchange processes.

Thus as the atmospheric forcing changes with climatic alteration, the

pycnocline stability and deep water temperatures would change as presented in

the hypothesis discussed above. Hanabe and Stouffer (1980) find (their Figure

25) a 0.01 cm/day Increase of precipitation minus evaporation for the ocean

belt in the 60°-70°S belt when their general circulation model is run for an

atmosphere with four times the present CO2 content. Antarctica would accum-

ulate about 0.03 cm/day more water, which if spread out over the slightly

larger 60°-70°S ocean area as runoff would boost the ocean fresh water

accumulation to a total of 0.03 cm/day. This suggests a 27% increase over the

present day net fresh water accumulation of 0.11 cm/day (Gordon, 1981). This

extra buoyancy would increase the present pycnocline intensity by 33K (deter-

mined by calculating the reduction of surface water salinity or density due to

the further fresh water dilution). If the relation of vertical mixing coeffi-

cient to stability is In log-log proportion (Sarmiento et al., 1976), then the

Kg value would be reduced by 33%.

Gordon (1981) finds that about half of the vertical heat flux in the

60°-70°S band is due to diffusion, the other half due to Ekman upwelling.

Thus if the vertical heat flux were to remain the same as today, and the Ekman

upwelling is unchanged, the temperature of the deep water must be elevated

from 1°C to 1.5°C (Ross Sea situation) or from 0.5°C to 0.75°C (Weddell Sea
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situation). Both within the realm of possibility in regard to the maximum

possible deep water temperature of 2°C.

Since the Fkman upwelling might change with a climatic alteration, and/cr

the annual ocean to atmosphere heat flux may decrease due to the warmer air

temperatures, both of these factors should be modeled. However, these results

suggest that deep water warming of the range discussed by Bentley, resulting

from increased vertical stability of the pycnocline induced by a warmer atmos-

phere is possible.

A more complete evaluation awaits a fully coupled ocean and atmosphere

general circulation model with realistic sea ice parameterization including

thermal and dynamic factors.
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PLENARY SESSION 6

THE WEST ANTARCTIC ICE SHEET

Rapporteur: Susan Trumbore

Recent concern about the possibility if rapid melting of the West

Antarctic ice sheet has generated much sensationalism from little data. The

West Antarctic Ice Sheet Plenary Session represented a serious attempt to

replace alarmism with a physically realistic evaluation of possible melt

scenarios. C. R. Bentley addressed the questions of whether melting is

likely to occur and on what time scale the ice sheet could disintegrate.

Although the West Antarctic ice sheet Is theoretically capable of

unstable and rapid shrinkage, field measurements . dicate no large varia-

tions in the ice flow patterns over the last 1500 years. Mass balance esti-

mates suggest that the ice sheet is accreting rather than depleting,

although data are not yet available for large areas. Bentley concluded that

the West Antarctic ice sheet appears invulnerable to most of the direct

effects o" CC>2 warming with the possible exception of melting of the shelf

ice from underneath by warmed ocean waters. The minimum time scale

necessary for complete melting to occur was estimated to be 500 years.

A. L. Gordon expanded on the "reasonable but improbable" melting

scenario in which warmed ocean currents thin the shelf ice from beneath.

Gordon has observed narrow tongues of comparatively warm water extending

across the shelf-slope frontal zone and beneath the shelf ice in the .loss

Sea. This imported heat can be lost to the air through breaks in the tea ice

cover (polynyas), accompanied by deep convection. Theoretically, If heat

cannot be exported by such a mechanism, the water temperature beneath the
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ice will rise enough to begin melting. However, little is known about the

importance of ice-sea coupling to the problem of melting the West Antarctic

ice sheet.

Subsequent discussion centered on the extent of past variations in the

West Antarctic ice sheet, and what bearing they have on its present stabil-

ity. T. J. Hughes concluded from sedi ient cores that during the last gla-

cial maximum (17 million years ago) the ice sheet extended to the edge of

the continental shelf. The collapse of the glacial ice sheet to its present

state may have involved the same kind of rapid melting sometimes envisioned

in sensational accounts of future CO2 warming.

It has often been proposed that the West Antarctic ice sheet was com-

pletely melted 125,000 years ago, during isotopic stage 5e. Temperatures

during this interglacial were apparently a few degrees warmer than at

present, and sea level was 3-6 meters higher. Formation of the West

Antarctic ice sheet could account for this sea level difference. J. T.

Hollin pointed out that the change could be attributed to a long-term

decreasing trend in Pleistocene sea levels, without invoking large-scale

variations in ice sheet extent. Thus, the West Antarctic ice sheet may have

been relatively stable throughout the Pleistocene.

Regardless of whether they believe that the West Antarctic ice sheet

will melt, glaciologists appear to agree that the time scale necessary for

complete melting is on the order of centuries rather :han decades, a time

frame which would allow society to adjust gradually to the sea level changes.

Much remains unknown about the factors that cause large ice sheets to

grow and recede. All of the speakers in the session expressed the need for

more data on the physical behavior of ice 6heets on which to base predic-

tions of their response to environmental change.
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HAVE WE DETECTED CO^INDUCED CLIMATE CHANGE?

PROBLEMS AND PROSPECTS

Michael C. MacCracken

Lawrence Livermore National Laboratory, University of California
Livermore, California 94550

ABSTRACT

Several recent studies have contended that the increase in C0« concen-

trations since the start of the Industrial Revolution has led to identifiable

climatic warming. Significant approximations and simplifications have had to

be made, however, in order to isolate this supposed CO effect from the

comparably large latitudinal and temporal temperature variations that may

have been due to changes in volcanism, solar variability, other potentially-

identifiable causal factors, or "natural" fluctuations. To overcome the

resulting uncertainties, data bases must be improved, diagnostic analyses and

numerical models mudt more completely treat the spatial and temporal patterns

and phase relations of the expected changes, and a careful search for a set

of CO.-specific climate modifications, or "fingerprint," must be undertaken.

INTRODUCTION

In 1938, G. S. Callendar suggested that mankind's fossil fuel emissions

were causing an increase in atmospheric CO- concentration and that this, in

turn, was leading to the detected climatic warming early in this century.

With new radiative calculations performed by Plass (1953, 1956) and an
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improvement in understanding of oceanic chemistry due to Revelle and Seuss

(1957), the quantitative basis for Callendar's suggestion became more

acceptable. In January 1961, in one of his last papers, Callendar compiled

global climatic data on temperature trends in order to assess the possible

role of increasing CO concentrations (Fig. 1 ) . He found ". . . that the

observed distribution of recent climatic trends over the earth is not incom-

patible with the CO hypothesis, and that in certain cases the latter

[i.e., the CO. hypothesis] can supply a reasonable explanation." The care-

fully measured tone of this endorsement of his own hypothesis resulted from

its failure, in his mind, to explain three troubling features of the observed

trends. These features included the following:

1. " . . . the rising temperature trend is very small iv. the south tem-

perate zone as compared to that in the north."

2. "The tendency for precipitation to decrease in many warm regions,

and remain sub-normal during the first three or four decades of this

century (Kraus, 1955)."

3. " . . . the big rise of temperature in most parts of the sub-arctic

zone during the 1920's and 1930's . . . as compared to the changes

in the lower latitudes."

Callendar felt that some aspects of these features could be reconciled with

the CO- theory, by, for example, considering the large thermal inertia of

the oceans, greatly delayed transport of fossil fuel derived C0_ to the

Southern Hemisphere, radiatively-induced stabilization of clouds, lower-

latitude induced contraction of the polar vortex, and the consideration of

other factors to explain short-term fluctuations. He did not, however,

believe volcanic eruptions or solar variations could adequately explain the
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Fig. 1. Reconstructions of changes in surface air temperature for different
latitude regions by Callendar (1961) applying (top) a 20-year moving
average, and (bottom) a 5-year smoothing to the data-
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observed long-term climatic warming and the latitudinal pattern of the

temperature change.

It is interesting to contemplate how much more- forceful Callendar's

endorsement of his CO hypothesis would have been if he had had available

the results of today's models. Although present climate model simulations

indicate a sensitivity about half that found by Plass, they do project smal-

ler temperature increases in the Southern Hemisphere (due presumably to ocean

inertia and albedo effects), provide for regions of both increasing and

decreasing precipitation, and indicate that there should indeed be a large

polar amplification of the CO -induced global temperature increase. Pre-

dictions and observations would have seemed to have come into agreement; the

time for action to prepare for the continued warming would have been at hand.

Perhaps quite fortunately, the lack of present-day model results and the

lag in theoretical understanding prevented the necessary consensus from

developing, however, for later in 1961, Mitchell presented his now classic

paper on global temperature trends. This paper reanalyzed the data on tem-

peratures of the previous hundred years and found that the previously claimed

warming, when properly weighted by area, was not really as large as had been

thought by Callendar (1961) and Willett (1950). This finding actually would

have improved Callendar's agreement with today's model results. More impor-

tantly, however, Mitchell found that the climate during the 1950's was

actually cooling (see Fig. 2) at a time when the CO warming effect was

*
presumed to be greatest. The reversal in temperature trends found by

Concentrations were increasing relatively slowly, so very little warming
should actually have been expected during this period. The cooling, how-
ever, requires explanation.
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V.8

Mitchell set the stage for intensive efforts during the past 20 years to

untangle the web of factors that influence the climate. Despite all of this

effort we do not yet seem to have regained the level of confidence expressed

by Callendar.

We have, however, learned several lessons from this experience and

should now be able to set a course for confidently identifying the projected

CO -induced climate response within the next two decades. This paper will

consider some of the problems facing us and the prospects for identifying

CO -induced climate change. The paper is not intended to serve as a com-

prehensive review of all studies analyzing the climate of the last 100 years,

but rather it attempts to point out general problems and to use selected

studies to illustrate how difficult these problems are to resolve and where

we stand now with regard to identifying the climatic effects of increasing

CO concentrations.

REQUIREMENTS FOR IDENTIFYING CO^INDUCED CLIMATE CHANGE

Because the social and financial commitment to fossil fuel combustion is

so great, it is essential for sound policy-making that projections of the

climatic (and other social and environmental) effects be both accurate and

have high confidence. The prevailing scientific consensus on the equilibrium

climatic effects of doubling CO concentrations, as expressed *n recent NRC

reports (1979, 1982), is that there is a 50% likelihood that the projected

warming will be between 1.5 and 4.5°C. While increases in the global average

temperature by either amount world lead to an historically unprecedented
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situation, the projected range of temperature changes is still large. The

reasons for the spread in the estimates are becoming more clear with further

research, and we may expect that the range will narrow in the next five

years. Nonetheless, achieving widespread confidence in the projected cli-

matic effects of increasing C0? concentrations among non-modelers will

probably require not only a consensus of climate model results, but also

identification in recent climatic records of the initial stages of the pro-

jected CO_-induced warming*

To be convincing, this identification of the projected CO. warming

will require observational data inspiring confidence and certainty sufficient

to allow comparison with model results. Accomplishing an acceptable level of

certainty will require: (1) that the necessary climatic data bases be ac-

curate, comprehensive, and of sufficient length to allow application of ap-

propriate statistical analyses and, in particular, identification of whether

a change is cr is not occurring; (2) that data bases exist to evaluate the

role of all comparable factors that may have caused the climate to change in

order that past fluctuations and variations may be understood and attributed

to the proper cause; (3) that the climatic effects of CO- and other factors

be estimated with sufficient detail and confidence that the projected pattern

of the induced changes (i.e., the "fingerprint") can be identified with

statistical significance midst the fluctuations caused by other causal fac-

tors and natural fluctuations (see MacCracken and Moses, 1982). In the fol-

lowing sub-sections each of these points will be considered by example.

Climatic Data Bases

In the search for evidence cf climatic change, and in particular for

CO -induced effects, the primary indicator has been the change in surface
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air temperature during the last hundred years. This variable has been chosen

because it is the only one for which a long record of measurements exists at

many stations and because it is a convenient and straight-forward, although

not complete, measure of the climatic state. While some investigators have

attempted to develop data bases of globa" s:.:; polar temperature change, the

most used indicator has been the change in Northern Hemisphere average sur-

face air temperature.

Comparison of the temperature records compiled by several investigators

shows that not only has temperature fluctuated, but also that the temporal

pattern of the temperature anomalies is not uniquely established (Fig. 3).

The differences in estimates of actual climatic change arise primarily for

two reasons: the choice of data selection/compilation methods, and the

choice of averaging methods. Table la, is a list of some of the problems

that arise in data selection and compilation; Table lb lists problems related

to averaging techniques.

As shown in Fig. 3, estimates of surface air temperature anomalies using

similar data sets and techniques agree well [e.g., Borzenkova et al. (1976),

Vinnikov et al. (1980) and Jones et al. (1982)], although there remain dif-

ferences in the details of the compilations that remain to be resolved.

Hansen et al. (1981) compiled data on the global temperature pattern and

found a very different pattern of temperature change in the Southern and

Northern Hemispheres (Fig. 4 ) . Jones et al. (1982) show that the changes

have different patterns by season. These differences likely represent

important effects that deserve consideration and explanation.

If great care is not taken, however, many problems can arise; consider

just a few examples as illustrations of the problems. Mitchell (1961) used
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Vinnikov et al. (1980). Figure from Clark (1982), but dat-a for 1981
added to Jones at al. (personal communication).
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TABLE 1. CAUSES OF DIFFERENCES IN TEMPERATURE ANOMALY DATA SETS.

(a) Differences Arising in Data Selection and Compilation

Number of stations used in compiling average

Methods for eliminating effects of unrepresentative stations (e.g.,

urban heat-island, station location changes, etc.)

Relative distribution of stations over land and ocean

Sources of data (ships, land sites, islands, etc.)

Treatment of stations with records starting in different years

Differences or changes in observation times

Unrepresentativeness of the sampling network

Absolute temperature versus value of anomaly

Methods of accounting for missing data

Use of annual average versus monthly data

Method of constructing daily average temperature.

(b) Differences in Averaging Methods

Time periods for averaging range from annual to multi-decadal

Spatial domains for averaging are not consistent

Climatic baselines and periods of record differ

Time averaging methods (running averages versus finite period
averages)

Spatial interpolation techniques (sum of representative sites,
interpolation onto grid, weighting of stations, etc.)

Means of selecting normals and identifying trends

Willett's (1950) data and used an area weighting method rather than averaging

of representative stations; this reduced the estimated wintertime climatic
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change over the previous 100 years by a factor of two. Yamamoto (1980) used

both 30 year averaging (which might be appropriate when considering the

thermal lag of the ocean) and five year averaging; the time of maximum

temperature and the start and pattern of the recent decline in temperature

appear to be delayed about a decade when the longer averaging period is

used. Paltridge and Woodruff (1981) used ship data on sea surface tempera-

tures (SST) as an indicator of surface temperature in oceanic regions rather

than the isolated island data used by most other investigators; they found

the time of peak temperature delayed about twenty years and, quite sur-

prisingly, a larger temperature change than shewn by the land-based records.

Their results, however, should be considered as only an initial examination

of the SST data in that their averaging techniques for handling data gaps

raise many questions.

Causal Factors

The climate system is a complicated and intercoupled set of domains, its

state being determined by the interactions of a large number of processes and

factors external to the system (e.g., solar irradiance, aerosol and trace gas

concentration, etc.). Climate models show that, even when all external fac-

tors are held constant, there will still be substantial climate fluctuations

due only to interactions between various processes having different time

scales. The fluctuations will be even greater when variations in external

factors are allowed. A change in CO2 concentration is only one of these

external factors that may induce a change in the climatic state.

To identify the climatic signal caused by increasing CO_ concentra-

tions amongst the background of fluctuations requires either that we treat
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the changes of all other factors as noise and wait until the CO -induced

climatic change is large enough to cause a statistically-significant change,

or that we account for the relative roles of at least some of the possible

factors that may induce changes comparable in magnitude to increasing ££>„

concentration during the period of interest, thereby reducing the amount of

unexplained variation and allowing easier identification of the C0 ? ef-

fect. Since the standard deviation of the monthly average temperature of the

last 100 years ranges from 0.23 to 0.65°C depending on month (Jones et al.,

1982), presumably not due primarily to changes in CO concentration, the

latter approach of accounting for the role of each causal factor must be

pursued if we are to have a good likelihood of identifying the projected

C0 2 warming of about 0.5°-1.0°C before 2000.

To accomplish this attribution of climatic changes to causal factors

requires adequate data bases on the changes in each causal factor, as well as

of the climate state itself, over the last hundred years. Even for carbon

dioxide the record is not yet adequate. The preindustrial baseline concen-

tration is thought to be between 250 and 290 ppm, and the time history of

CO. concentration between 1850 and 1950, when changes in the biosphere may

have played a more important role than fossil fuel emissions, is not yet

well-defined. These uncertainties allow the change in CO_ concentration

from 1850 to 1980 to range from as little as 40 ppm to as much as 90 ppm,

which in turn converts to a factor of about two in the value of the estimated

warming attributable to changes in CO concentration over this period.

The data bases used to estimate the role of volcanoes — presumably the

most important factor in creating fluctuations over at least the last 100

years — are quite uncertain. Table 2 lists some of the factors contributing
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TABLE 2. FACTORS CONTRIBUTING TO UNCERTAINTIES IN CREATING A VOLCAFIC AEROSOL

DATA BASE FOR ASSESSING THE CLIMATIC EFFECT OF THE AEROSOL.

Reliance on variables not directly related to the radiative effect of volcanic
aerosol (e.g., ejecta volume, volcanic explosivity, ice core derived
precipitation acidity, etc.).

Single or limited measurements extrapolated to global domain.

Lack of latitudinal resolution or pattern of aerosol distribution.

Different assumptions about stratospheric lifetime of aerosols.

Lack of seasonal resolution of aerosol distribution.

Use of surface measurements to estimate changes in stratospheric aerosol

(thereby introducing potential problems if trends exist in tropospheric
aerosols).

Differences in averaging period of volcanic aerosol loading.

Different definitions of major volcanoes and of the number of volcanoes con-
sidered.

Different assumptions about size distribution of volcanic particles and of
chemical composition of gaseous emissions, leading to ad hoc adjustments.

Different assumptions regarding lifetime and distribution of aerosol due
to season, latitude, and height of injection of volcanic dust and gases.

Circularity caused by estimation of dust loading from observations of sub-
sequent temperature change.

to the disagreements between the various data sets that have been used to

account for changes in volcanically-injected stratospheric aerosols. The

different records show quite different relative magnitudes and temporal pat-

terns of volcanic influences. Lamb's (1970) dust veil index is perhaps the

most frequently used index, but various investigators modify it, often in ad

hoc ways, to suit their needs, thereby perhaps affecting their later calcula-

tions (see Fig. 5). The recent Smithsonian compilation of volcanoes has also

greatly expanded the number of volcanoes considered (Simkin et al., 1981).



V.17

•5
c2

i

50

40

30

20

10

i i i i i
(V) stratospheric loading by volcanic activity

11 Adjusted to northern hemisphere

I 1 120-yr average V =

1850 1870 1890 1910 1930 1970

/

f/ Wffi/
Krakatoa

Bandai San,
Ritter Island

4

Mont Pelee, Soufriere

Santa Maria

Shtyubelya Sopka

Katmai

T
Fernandina —<

Awu
Surtsey

Agung
Bezymyannaya-

Mt. Spun-—|
Hekla \

1880 1900 1940 1960

1970

Fig. 5. Estimates of stratospheric aerosol loading by (top) Mitchell (1971)
and (middle) Oliver (1976) based on use of volcanic index of Lamb
(1970) and by (bottom) Bryson and Dittberner (1976) using volcano
index of Hirschboeck (1980). The model of Oliver (1976) uses a
residence time approach to calculate aerosol loading after injec-
t ion. The curve of Bryson and Dittberner (1976) represents a
10-year running mean in arbitrary units .
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New listings, however, are not always helpful. For example, the recent com-

pilation of an explosivity index by Newhall and Self (1982) attributed

greater importance to the eruption of Mt. St. Helens than to Agung, whereas a

sulfur based aerosol index would place Agung as being of much greater impor-

tance than Mt. St. Helens.

In addition to estimates of dust amount, a few indices also rely on

actual radiative measurements (Fig. 6). The general pattern of the two types

of data show broad qualitative similarity, but details of timing and magni-

tudes are quite different.

Even worse complications exist in generating data bases to evaluate the

effect of changes in solar radiation, the third major factor often considered

in these analyses. For this factor, the main problem is that there are

several indicators that have been used as surrogates of the solar radiative

flux reaching the earth, but there is virtually no physical basis for de-

ciding Letween these indicators, or even if any is relevant (i.e. is the

solar constant constant?).

Quite clearly, without adequate historical data bases on the causal fac-

tors, identification of the C0_ part of the climatic signal may be compli-

cated rather than simplified. Examination and improvement of these data

bases must be an essential part of the first detection effort.

Relating Causal Factors and Climatic Effects

Even given precise records of how the climate has varied and the history

of the important causal factors, a number of problems arise in attributing

appropriate components of the climatic fluctuations of the last 100 years to
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Fig. 6. Estimates of stratospheric aerosol loading based on surface measure-
ments of downward direct solar radiation (top) from Budyko (1969)
using data from cloudless days of each month with 10 year smoothing,
and (bottom) from Bryson and Goodman (1980) using data from 42
stations between 20° and 65° N. The apparent inverse relationship
occurs because direct radiation measures the clarity of the
stratosphere whereas aerosol optical depth measures the lack of
clarity.
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the various causal factors, the remainder of the fluctuations being assumed

to be natural (or, more properly, natural plus as-yet-unexplained). For the

attribution to be valid, the change in the causal factor must be physically

related to the climatic change in a quantitative way, which requires both

complete theoretical understanding of how the causal factor affects the

climate and the ability to quantitatively calculate its efffect. Since there

is more than one causal factor, we must also be able to calculate the effects

of interactions when more than one causal factor is acting. Table 3 lists

some of the problems that arise in attempting to calculate the relationship.

As an example of the type of problem that exists, consider the results

of different approaches to treating the volcano-climate coupling used by dif-

ferent authors. Although Vinnikov and Groisman (1982) and Bryson (1980) both

indicate they use the same surface air temperature record and similar actino-

metric measures of stratospheic transmissivity, their different approaches to

relating the causal factor to the induced climatic change lead them to dif-

ferent conclusions about whether there has or has not been a temperature

increase due to increasing CO concentrations. Rather than specifying a

response function, Oliver (1976) and Mitchell (1982) choose a generalized

shape of the volcanic response function that is then optimized statistically

in order to achieve the best fit to the temperature data. They also come to

opposite conclusions about whether there has been a CCL-induced temperature

increase-

Rather than such empirical and statistical approaches, Hansen et al.

(1981) used a one-dimensional radiative-convective model with an interactive

ocean to simulate the climatic response to changes in the volcanic aerosol

loading (and other factors). They then derived quantitative relationships to
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TABLE 3. LIMITATIONS IN DETERMINING THE RELATIONSHIP BETWEEN CHANGES IN

CAUSAL FACTORS AND CHANGES IN CLIMATE.

Imperfect or incomplete modeling of relevant climatic processes (e.g.,

omitting, or very simply including, the oceans and cryosphere).

Imperfect model verification with respect to factors of interest (e.g., lack
of sufficient test cases to verify treatment and time constants of long
term processes and of model performance as a whole).

Limited areal extent of analysis (e.g., less than three-dimensional, less
than global).

Use of equilibrium rather than the transient perturbations in developing
relationship between climate and causal factors.

Internal variability of climate models can confuse interpretation of effect
of causal factor.

Limited length of model simulations.

Different times at which analysis starts (decade of 1880's was strongly
volcanically affected; problem of getting stable baseline, etc.).

Different temporal patterns of assumed climatic response functions.

use in their analyses of the causes of climatic fluctuations. This use of

physically-based relationships is an important and essential requirement of

such studies. Comparison of their one-dimensional calculations with the dif-

ferent time histories of the Northern and Southern Hemisphere temperatures,

however, makes clear that there is a need to analyze the observed fluctua-

tions with models having, at least, greater spatial detail*

Such complications as arise in relating volcanic eruptions to the tem-

perature response also arise in attempting to relate other causal factors to

temperature change. In some cases, these complications can be resolved by

just expanding the models to include omitted, but important, processes and

domains, or to treat the transient as opposed to the equilibrium response; in
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other cases, the complications can only be resolved by improving existing

data bases (e.g., extending the temperature record back in time) or gathering

new data (e.g., changes in Antarctic ice volume, if our climatic variable is

sea level).

As illustrations of the difficulty in untangling the recent climatic

record, the next section considers several recent attempts to acquire the

necessary climatic and causal factor data bases and to then relate these data

bases to climatic changes.

ATTEMPTS TO IDENTIFY C02-INDUCED CLIMATE CHANGE

The interest in relating climate fluctuations to causal factors goes

back many years. Certainly, the seasonal variations of solar position were

widely recognized by early man as being related to the seasonal variations in

temperature, even if the reasons for the change in solar position were not

well understood. Several hundred years ago geologists feared that the Little

Ice Age was caused by the cooling of the sun as its fuel sources ran down,

until they found evidence for very cold periods thousands and then millions

of years earlier. Since discovery of these ice ages, there have been many

suggestions about the causes of climate change. We now believe, for example,

that the sun's energy has actually been increasing over cosmological time and

some scientists suggest that the Little Ice Age resulted from only a fluctua-

tion in solar output.

Although changes in C0_ concentration were recognized as a possible

factor in long term climate change during the last century, the work of

Callendar described in the introduction to this paper has served as the basis
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for numerous studies on that subject during the last 20 years. These studies

have used different data sets, different analysis techniques, considered

different causal factors, and, perhaps not surprisingly, reached different

conclusions. Because of these many differences, comparing the results is not

straightforward.

As one measure of the differences in findings, Table 4 presents the

results of a representative set of investigators in terms of a ratio mea-

suring the relative importance of each causal factor in causing a climatic

change to the maximum variation of the climatic variable in the record that

was used. In each of the studies there has been some effort to achieve an

optimum fit by choice of data base or strength of the relationship between

variables, i.e. by model "tuning" or "curve fitting."

The factors considered include C0_, volcanic (stratospheric) and

tropospheric aerosol loading, and various suggested measures of the varia-

tions in solar radiation reaching the top of the atmosphere. The results

indicate that, depending on author, each of these variables can separately

account for anywhere from nearly all to none of the observed climatic

variations of the last 100 years. In addition, when the coupled effects of

more than one factor are considered, there remains a significant range in the

ratios.

Closer examination of a few of these studies shows more clearly the

uncertainties and discrepancies that are involved, although identifying the

exact causes of these disagreements is beyond the scope of this paper and

must be undertaken as future research (e.g., as part of the DOE effort on

This occurs both when the factor is ignored and, in a few cases, even
after the factor is considered.



TABLE 4. ATTRIBUTION OF THE CAUSE OF RECENT CHANGES IN SURFACE AIR TEMPERATURE. VALUES GIVEN ARE A
MEASURE OF THE RELATIVE SIGNIFICANCE* OF EACH CAUSAL FACTOR CONSIDERED, AND SHOULD BE VIEWED
AS APPROXIMATE

Solar Variations

Causative
Factor

Author

Tropo-
CO2 spheric

concen- Volcanic aerosol Umbral/
tratior? aerosol (dust) penumbral

Camp
Sunspots Magnetic Solar Century

reversal radius 80 and 180 y
Observed 12.4 y 22 y 76 y cycle <618O)

Callendar (1961) 0.9

Bryson and 1.0 - -1.1
Wendland (1970)

Mitchell (1970) 0.3 -1.0 -0.08

Broecker (1975) 0.7

Bryson and 0.8 -0.9 -0.8
Dittberner (1976)

Oliver (1976) - -0.9

Robock (1978) - -1.0

0.35

-0.8



TABLE 4. CONTINUED

Solar Variations

Causative
Factor

Trope-
s ' spheric

concen- Volcanic aerosol Umbral/
Sunspots

Author

Camp
Magnetic Solar Century
reversal radius 80 and 180 y

tration aerosol (dust) penumbral Observed 12.4 y 22 y 76 y cycle (6'80)

Hoyt (1979a,b) 0.6

Hansen et al. 0.5 -0.5
(1981)

Gilliland (1982) 0.3 -0.55

Mitchell (1982) 0.3 -0.8(est.)

Vinnikov and 0.7 -0.8
Groisman (1982)

0.9

0.3

0.13

t-o

0.15 -0.35

Relative significance is defined as the ratio of the maximum temperature change caused by this pro-
cess divided by the maximum range of the change in the temperature record used, with both measures
using common averaging times. A negative sign indicates that an increase in this causal factor
causes a cooling.
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first detection). In judging the results we should consider the capability

to explain the following major features of the climate of the last hundred

years as indicated by almost all available records:

(1) Northern Hemisphere

(a) 1880-1890 quite cool

(b) 1890-1920 cool

(c) 1920-1960 warm

(d) 1960-1975 cool

(e) 1975-1980 moderate

(2) Southern Hemisphere

(a) 1880-1980 relatively steady warming

(b) short cooler periods during 1880s, 1900s, 1920s, 1960s

Carbon Dioxide

If we consider every influence other than C0_ that affects the climate

as part of the natural climatic variability, we can attempt to isolate the

CCL signal from the natural fluctuations, or "noise," of the climate

record. The level of noise can perhaps be estimated by examination of cli-

matic records before CO is thought to have had a substantial climatic

effect. If fossil fuels have been the primary factor perturbing atmospheric

CC< concentrations, then the period prior to perhaps 1930 can be used as a

baseline. In this case, the noise level is perhaps a few to several tenths

of a degree. If, however, the biosphere has been an important source of

atmospheric CO over the last 150 years, or parts thereof, then we may
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really have no adequate baseline from which to estimate natural climatic

variability.

Hansen etal. (1981) calculated the effect of a CO increase on the

global climate of the last 100 years, using a baseline CO concentration of

293 ppm, (which might be 10-20 ppm too high in 1880 if biospheric sources

have been important) and assuming that a doubling of C0_ concentrations

would lead to an equilibrium warming of 2.8°C. As shown in Figure 7, their

model-computed response to the C0« increase alone did not compare well with

the global record. Interestingly, however, their result is in rather good

agreement with the low latitude and Southern Hemisphere temperature records

but is in poor agreement with the Northern Hemisphere temperature record

(refer to Figure 4 ) . These differences point to the need for conducting

these analyses in more than one dimension in the future; it may be, for

example, that because of fewer volcanoes in the Southern Hemisphere and

because of the thermal inertia of Southern Hemisphere oceans, the CO

warming may more easily be found in the Southern rather than Northern

Hemisphere.

Madden and Ramanathan (1980) also attempted to identify the CO cli-

matic effect, assuming all other factors contributed to the noise. They

looked in the 50-60° N latitude band where the spatial coverage of the

records is quite good and where equilibrium climate models predict the tem-

perature changes should be largest. Their results were negative (i.e. they

found no statistically significant signal emerging from the noise), indica-

ting, they suggested, that either the attempts to estimate present tempera-

ture changes from equilibrium climate models are inadequate or that the

models are overestimating the COj warming. Wigley and Jones (1981) also
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Fig. 7. Comparison of observed global mean temperature anomalies of the last
100 years with anomalies predicted by a one-dimensional climate
modei assuming only C0 2 concentrations are varying (Hansen, 1980).
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did not find evidence of a CO. signal when examining records of the

Northern Hemisphere surface temperature; they also did not consider the pos-

sible climatic effects of other factors.

Based on these and earlier efforts, it seems clear that identification

of the CCL signal will require subtracting out the climatic fluctuations

due to other causal factors in order to reduce the remaining variance (i.e. ,

due to random plus still unexplained causal factors).

Volcanic Effects

Several authors have considered how to relate changes in volcanic injec-

tions of stratospheric aerosol to climatic fluctuations of the last 100

years. Model results of Oliver (1976), Robock (1978), and Bryson (1980) all

suggest very good agreement between observed temperature anomalies and vol-

canic forcing, finding no requirement for consideration of CO^ or solar

effects. The model and data used by Hansen et al. (1981), however, found

less satisfactory agreement (see Figure 8). The primary difficulty in

achieving good agreement with just volcanic forcing is in explaining the

temperature changes in the Northern Hemisphere with warming from the 1920s to

1930s and cooling from the ?940s to 1970s. The strength of these features

varies depending on the temperature record used. Hansen et al. (1981) indi-

cate the anomalous warm period in the Northern Hemisphere was about 0.4° C

above a trend line through the rest of the record, whereas in Jones et al.

(1982) and Budyko (1969) the anomaly is slightly less. Although most authors

use the Northern Hemisphere temperature record as a basis for evaluation of

the relationship between causal factors and climate changes, Hansen et al.
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Fig. 8. Comparison of observed surface air temperature anomalies of the last
100 years with anomalies predicted by models that included only
changes in stratospheric aerosol loading as calculated by (top)
Oliver (1976) and (bottom) Hansen (198C). Oliver compares his
results to the Northern Hemisphere temperature record and Hansen to
the global temperature record.
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(1981) used a global record, which somewhat reduces the intensity of the

1920-1950 warm period that must be explained because of averaging in the

rather steady warming trend in the Southern Hemisphere.

Bryson (1980) believes the problem most investigators have in explaining

the cooling that occurred prior to the Agung eruption of 1963 arises for two

reasons. The first is the incompleteness of Lamb's (1970) volcanic record;

in response to this criticism several volcanic eruptions in the 1950s have

been added to most volcanic inventories. The second reason is the inadequacy

of estimating the radiative effect of volcanic injections from the tradi-

tional methods of estimating the amount of dust injected. The recent El

Chichon volcano and analyses of the effect of the Agung eruption led to the

suggestion that the injection of sulfur-bearing gases rather than of dust is

a more appropriate measure of the ultimate radiative effects.

It is also difficult to reconcile the relative effects in the Northern

and Southern Hemisphere based on volcanic records especially during the

1900-1910 period when (according to the temperature reconstruction of Hansen

et al., 1981) the supposedly less responsive Southern Hemisphere cooled more

and prior to the Northern Hemisphere, even though listings of major volcanic

activity (e.g.> Mitchell, 1970) indicate that all important eruptions were in

the Northern Hemisphere.

While ths case for volcanic and climatic coupling is quite suggestive,

the data bases and methods still need much work in order to be able to remove

volcanic effects with the confidence that will allow quantitative determina-

tion of the CO. signal from the residual climatic record.



V.32

Solar Fluctuations

The identification of cycles in various climatic data bases having the

same periodicity as such indices of solar activity as sunspots has led to

extensive efforts to attribute various climatic fluctuations to solar varia-

tions. The absence of both physical measurements to corroborate the value of

the surrogate solar indices and of detailed explanations of the cause-effect

relationships are important caveats to remember, although they have not

particularly limited the studies.

Studies of sunspot-climate relationships have a long history. Of par-

ticular interest has been the apparent absence of sunspots (the Maunder mini-

mum) during the coldest periods in Europe in the 1600s. In detailed

analyses; however, Mass and Schneider (1977) and Robock (1978) found little

statistical significance in the relationship between Wolf sunspot number and

temperature. This has led to consideration of other purported surrogate

indices of solar activity.

Robock (1978) considered the suggestions of Eddy (1976) that the solar

output is a function of the alternate 80 and 100 year cycles (the Gleissberg

cycle) that t>ecm to modulate the amplitude of the sunspot cycle. Robock did

not find any statistically significant agreement using this index. Although

Mitchell (1961) had found some agreement with the observed temperature record

up to 1940 if he considered temperature changes due to both C0« and time-

averaged sunspot number, these factors could not explain the later cooling

that was observed.

Hoyt (1979a) shows apparently good agreement between the Northern

Hemisphere temperature record and the umbral/penumbral ratio, a possible
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measure of the convective energy transport in the Sun's photosphere, and

therefore of its time-varying radiant flux (Figure 9). The range of hia

results was calibrated to agree with the temperature record; note that he

f^und that only C0« forcing, t'nd not volcanic forcing, was required to

reproduce the observed temperature record. It would seem that: if valid, the

solar effects should be similar in temperatura records of both hemispheres;

the differences that exist would, it would seem, cast serious doubt on this

explanation.

Hansen et al. (1981) find that including the umbral/penumbral ratio

improves their fit when also considering CO effects (compare Figure 10a

with Figure 7).

Gilliland (1981) introduces the variation in solar radius as an alterna-

tive measure of solar irradiance. This cycle is about 76 years in length and

is anti-correlated with the Gleissberg cycle. There are indications that the

Greenland ice core exhibits cycles with a length about the same as the solar

radius and Gleissberg sunspv•-. envelope cycles. Broecker (1975) suggested

that the cooling induced by the 80 year Greenland ice core cycle was counter-

acting the warming expected from increasing CCL, leading to only a slight

change in present temperatures. This balancing of effects is also evident in

Gilliland's (1982) analysis, in which there could be no accommodation of

CO. warming were it not for the postulation of solar-induced cooling in the

last few decades (Figure 10b).

Given the lack of direct observational support for the suggested rela-

tionships between the surrogate solar variables and solar radiation, it cer-

tainly seems premature to base one's estimates of the C0« effects on a pre-

sumed masking of the CO. effect due to a hypothesized reduction in solar
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Fig. 9. Comparison of the observed change in surface air temperature and the
change in umbral/penumbral ratio, a surrogate for solar radiance at
the top of the atmosphere (Hoyt, 1979a). The increasing difference
between the two curves is attributed to the effect of increasing
CC>2 concentrations.
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Fig. 10. Comparison of the observed change in surface air temperature and
model predictions of the change in temperature when considering the
increase of CO2 concentrations and changing solar irradiance.
(Top) Hansen (1980) use umbral/penumbral ratio as an indi- cator of
solar radiance and compares with global temperature change.
(Bottom) Gilliland (1982) uses changes in solar radius as an
indicator of solar radiance and compares with Northern Hemisphere
temperature change.
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irradiance. It is also interesting that there is a strange similarity in

periodicity between the various surrogate indicators of solar activity (solar

radius variations, Gleissberg cycle, and smoothed umbra1/penumbra1 ratio) and

the actinometric and smoothed dust veil indices that represent volcanic acti-

vity. This may in part explain why different investigators using different

data bases reach similar conclusions.

Combinations of Factors

Because no single factor has been able to explain the climatic fluctua-

tions, a combination of factors has often been used. As shown in Figure II,

some authors find that volcano and CO effects lead to reasonable fits to

the data (Hansen et al., 1981; Vinnikov and Groisman, 1982; Mitchell, 1982;

Gilliland, 1982), although remember that some authors do not require CO. to

achieve an equally good fit, depending on how volcanic effects are included.

Vinnikov and Groisman (1981) indicate, however, that their 1982 results can-

not be duplicated if measures of stratospheric aerosol loading other than

their actinometric measurements are used.

Hansen et al. (1981) and Gilliland (1982) have achieved what appear to

be even better fits by considering CO volcanic injections, and solar

variations (Figure 12). While the similar conclusions of these two studies

may appear to be re-enforcing (see NRC, 1982), it is extremely disturbing

that their data bases and relationships are quite contradictory.

a) The maximum variation of Hansen et al.'s global temperature record

is about 0.5° C whereas Gilliland's Northern Hemisphere temperature

record has a range of about 0.9° C.
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stratospheric aerosol loading. (Top) Hansen (1980); (bottom)
Gilliland (1982).
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b) Hansen et al.'s volcanic record (from Lamb) has major peaks for

Krakatoa (1883), Soufriere/Santa Maria (1902-04), and Agung (1963).

Gilliland's volcanic record appears to have major peaks for Askja

(1875), unidentified (1885-86), Katmai (1912), and Surtsey (1963-65),

most of which are high latitude volcanoes. It is also not clear

whether contamination of the Greenland ice core by tropospheric pol-

lution may make the recent record unrepresentative of stratospheric

aerosol loading.

c) Hansen et al. show a CO effect beginning in the 1880s, whereas

Gilliland's C02 effect does not start until the mid-1930
1s.

d) Hansen et al» use Hoyt's quite variable umbra1/penutnbral record as a

measure of changes in solar irradiance. Gilliland depends strongly

on a smooth solar radius cycle of about 76 years, and also includes

solar variations having cycles of 12.4 and 22 years.

While the authors of these papers (Hansen et al., 1981; Vinnikov and

Groisman, 1982; Gilliland, 1982; etc.) acknowledge uncertainties in their

presentation of data and formulation of conclusions, the contrasting compo-

nents of the climate change and the differences in their data bases make it

difficult to accept their results, or those of similar studies, as rein-

forcing each other and as convincing confirmation that we adequately under-

stand CO 's effect on climate. Given the potential importance of these

findings, we must require much more careful consideration and greater agree-

ment in attributing climatic effects to each climatological factor. The

studies done to date have been very helpful in raising questions, suggesting

relationships, and identifying gaps in our data bases and observational

approach, but much remains to be done before a consensus is achieved.
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RECOMMENDATIONS

In response to the dependence of existing diagnostic studies on com-

parison with a single parameter (i.e., surface air temperature) as indicative

of the climatic state, the Workshop on First Detection of Carbon Dioxide

Effects (Moses and MacCracken, 1982) held last year in Harpers Ferry, West

Virginia laid out a research and monitoring approach to identifying CO 's

effect on climate. The recommendations of that workshop, modified slightly

in the outline below, called for examining the changes in several measures of

the climatic state rather than just depending on surface temperature as an

index. The workshop proposed a three-pronged approach:

1. Identification of climatic change.

a. Improve and expand existing data bases.

b. Develop new, more comprehensive climatic indices.

c. Improve definitions, methods, and approaches for evaluating

whether change has occurred.

2. Identification of causal factors and their climatic effects.

a. Identify factors in addition to C00 that may influence

climate (analytical studies) and define their potential role.

b. Develop, improve, expand, and intercompare indices of these

factors.

3. Isolation of the climatic effect of increasing CO concentrations.

a. Detailed calculation of the individual and combined climatic

effects of all causal factors over the last 100 years, with

projections into the next century.
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b. Analysis of the calculations to identify those features

uniquely characteristic of changing CO concentrations

(the "CO2-fingerprint").

c. Diagnostic studies to search for the correlated response of

all components of the C0_ fingerprint, not just the change

in one variable.

Looking back over what has been done in the context of this recommended

research approach, a useful beginning has been made by the variety of studies

considered in this paper, and by many others that have tried similar ap-

proaches. Much more extensive and coordinated efforts of modelers, analysts,

observers and experimentalists will be required, however, to perform the more

thorough studies that must be done to develop real confidence, particularly

beyond the meteorological community, in our projections of the climatic

effects of increasing CO concentrations.
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TECHNICAL SESSION 3

FIRST DETECTION OF CLIMATE CHANGE

Rapporteur: Susan Trumbore

The difficulty facing those who would detect climatic changes associ-

ated with increasing atmospheric CO2 lies in the attempt to isolate a small,

poorly defined signal from a background of large natural variability. The

investigator can choose from two different approaches. The first assumes

that the CO2 increase is the only process affecting climate and that this

CO2 signal will eventually be easily distinguishable. The other method

attempts to pinpoint those factors which cause the natural variability and

to subtract these effects from the climate record. Any remaining trend,

assuming '.hat all other variables have been correctly identified, will be

due to CO2.

Recent attempts to isolate a C02~induced warming trend in surface tem-

perature records for the last hundred years have used the second approach.

Hansen et al. (1981) and Gilliland (1982) obtained reasonably good fits to

recent surface temperature trends by modeling the effects of solar varia-

bility, volcanic eruptions, and CO2 increases. The parameterizations and

data bases used were different in the two studies.

The problems in detection are several. The magnitude of the expected

CO2 signal is not well determined since few models have done time-dependent

CO2 calculations. This, coupled with the relatively short period for which

sufficient climate records are available, creates major problems for the

worker attempting to isolate the CC>2 signal. Surface temperature is the

variable for which the best data are available, yet the existing records
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are lacking in temporal and spatial coverage, particularly over oceans and

in the Southern Hemisphere. The changes in such natural phenomena as solar

radiance and volcanic eruptions and the climatic effects they may induce are

poorly understood but must be accounted for if the CO2 climatic signal is to

be detected in the next few decades. The recent El Chichdn eruptions may

provide an excellent opportunity to better quantify the climatic effects of

volcanic aerosols, although its cooling influence may tend to hide the CO2

effect.

The detection of a specific climatic change requires a good understand-

ing of the climate and the factors that cause it to vary. The predicted CO2

warming is the result of experiments on global climate models that have been

tuned to the present climate. Both modeling of the present climate and

knowledge of past variability must improve if the effect of C0£ on climate

is to be identified in the near future.
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THE C02 RESEARCH PROGRAM OF CEC

As Presented at

The Coolfont Conference

by

Roberto Fantechi
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Project Leader Klaus F. Hasselmann

Institution, Laboratory, Address

Max-Flanck-Institut fur Meteorologre
Bundesstrasse 55
2OOO Hamburg 13

FRG Telephone
(O4O) 4114-1

Telex
211 092

Title of the Project

Global carbon cycle and possible climatic changes. Part ;: The role of

the oceans.

Objectives
Development of a global ocean circulation model for eliinate variability
studies with emphasis on tha storage and transport, of CO2-

Short description of the Project

The purpose of the research is to develop a global circulation model of the
ocean to compute the residence times, storage and transport of CO2 in the
ocean. The model v/ill be designed specifically for climate applications
and is therefore expected to be considerably more efficient than existing
circulation models of the oce.in. It should also be considerably more realistic
than presently used box models of CO2 storage in the ocean. The model can
also be used for climate response studies, such as the determination of the
response of the oceans to an increase in atmospheric temperature arising from
an increase in
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Project Leader
Dr. John F.B. Mitchell

Institution,. Laboratory, Address

U.K. Meteorological Office, London Road, Bracknell, Berkshire, EG12 2SZ

Telephone Bracknell
(0344) 20242 ext 2563

TeLex
849801

Title of the Project

"The evaluation of the impact of an increase in C0 2 on European climate'

Objectives To assess

1. The detailed changes in climate which could be induced by an increased CO?

concentration in the atmosphere, at the present level and at that foreseen
tovrarda the end of the present century;

2. The statistical significance of the changes;

3. The interpretation of the model changes in terras of parameter affecting the
agriculture of the European Coanunity.

Short description of the Project
The assessment will be carried out using numerical models of climate

which have been or are being developed in the Meteorological Office. The experi-
ments lill be analysed with the following aimsi

(i) To attempt an explanation of the changes in the model climate in terms of the
physical processes included in the model, and to assess whether and how such
changes would also occur in the real climate system.

(ii) To determine the statistical significance of the changes in the model climate
In view of the relatively small area of the globe covered by the Coasaunity,
and the large natural variability of parameters such as rainfall and
temperature in that region (both in real and model worlds), it is not easy
to distinguish changes due to increased CO from natural fluctuations or
noise in the existing climate.

The following methods • ill be used!
(a) Running long integrations, to reduce the noise.
(b) Running integrations with a large increase in CO,,, to increase the size

of the changes. These integrations can then be compared with integra-
tions with realistic increases in C0p to see if the changes are similar,
but of increased magnitude.

(c) Refining existing statistical techniques, and developing new techniques.
Present methods are based on tests at individual points. To show the
change? over a region with high spatial coherence, such a3 Western
Europe, are significant, new methods based on patterns rather than
individual poir.ts should ce more effective.

(iii) To relate the frequency distribution cf siodel variables such as temperature
and rainfall to frequency of hazards such as i'rô t; floods, droughts and
snowfall. Charges in the basic model variables can then be used to iciply
changes in the frequency of these hazards.
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Project Leader
Prof. Dr. G.H. Kohlmaier

Inst i tut ion, Laboratory, Address

Inst i tut filr Physikalische und Theorfetische Chenjie, Universitat Frankfurt/MaiK
Robert-Mayer-Str. 11, D-6000 Frankfurt/Main 1, West-Deutschland

Telephone
Frankfurt (0611) 798368

Telex
413932 unif

Title of the Project
Betrachtung der Auswirkungen verschiedener Energieszenarien

auf den CO -Gehalt der Atmosphäre anhand eines Modells des globalen
C-Xteislnf» unter Berücksichtigung einer möglichen Temperaturerhöhung

Objectives

In order to calculate future atmospheric CO- contents the effect of different
energy and land use strategies en the global carbon cycle is investigated.

To this end a realistic carbon cycle model is to be employed which should also
give some new insight to the problem whether the terrestrial biota are to be
regarded as a source or a sink for additional atmospheric -O„ As a further
result: new knowledge concerning the feedback of temperat- -.e increase onto the
cicliuia *r carbon io oicpocfeoa,

Short description of the Project

It is an established fad* that the atmosphere's CO- concentration has been
rising as recorded at various stations (Mauna Loa, South Pole, aircraft
measurements) over the period of the last 20 years (from 315 to 336 ppm) .
Together with other anthropogenically released trace gases CO 2 will bring
about a greenhouse effect which means a global warming of about 2 - 3 C
per CO_ doubling with a three- to fivefold enhancement in the polar regions.
Kellogg has estimated that this effect will be accompanied by an'alteration
of the global precipitation pattern which may very seriously disturb agricultural
activities with most severe consequences for the Third World. Furthermore,
effects on polar sea and land i.ce as well as on ocean circulation Day be
expected.

One of the prominent carbon cycle models hitherto studied, namely the box-
diffusion-model, can explain the partitioning of fossil fuel CO, between
atmosphere and ocean under the assumption that the biosphere remains constant

i or acts as an additional CO2-sink. However, ecologists have reconfirmed the
| empirical finding that global living biomass is decreasing in time (e.g. by

forest destruction). According to our own analytical model studies, the
uptake capacity of the ocean may be greater than previously assumed, if one
additionally takes into account downwelling of polar waters, depth dependent
turbulent diffusivity, and biological production and decomposition. The developaien
of an ocean model reflecting these transfer phenomena is part of the project
presented.

On the other hand, the biota may accumulate more carbon dioxide than derived
from conventional equilibrium assumptions,, if the perurbations and the regrowth
of the disturbed ecosystems are considered in a proper way. Furthermore,
increasing temperature -may have positive as well as negative feedback effects
on the accumulation of living and dead bioraass which is also investigated in
detail. We expect that the more sophisticated of these models will verify the
records of the most important observables (atmospheric C0_ concentration.
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C-J3/C and C-14/C ratios in atmosphere and ocean.

fit present* energy and land use strategies are chosen independent of their
future cliraatic impact. We intend to study the atmospheric CO_ increase which
would be caused by energy strategies of high, intermediate ana low energy con-
sumptions. Furthermore, we try to work out an energy strategy with respect to'
consumption of fossil fuels which allows not to go beyond a certain CO ?

tolerance level.

According to UN statistics it is to be expected that the world population
will increase up to about 8 billion people within the next 50 years which*
means that food production will have to be raised considerably. If increased
nutrition demands are met by transformation of tropical forests and savannahs
into cultivated Iciiiu aiiu foxest desLiuction fot couuuexcial purposes will
continue, the terrestrial biota together with the humus will even be a.
stronger source of carbon dioxide than at present.

The countries of the European Community as a major part of the developed
world will be responsible for a substantial part cf the CO? induced cliasatic
change, the magnitude and advent of which will depend significantly on the
present and future energy policies taken. On the other hand, those countries
in the Third World whose national economies depend heavily on agriculture
will possibly suffer most from global energy and land use decisions which
they have little influence on.
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Project Leader

Prof. Giorgio FIOCCO

Institution, Laboratory, Address

Istituto di Fisica dell'Atmosfera

P.le L. Sturzo, 31

00144 - Rome

(Italy)
Telephone I Telex
(06) 5910941-5 I ATHOS I 614344

Title of the Project

Climatic Impact and Evolution of Clouds and Aerosol.

Objectives

Investigations on

a) the climatic response to an increase in CO atmospheric content and its

relationship to the H O content and cloud cover;

the mechanisms for vertical transport of water substance across the tropopause,

considering the presence of the cold trap, and of sulfur bearing compounds.

Short description of the Project

Two major problems are involved in improving our understanding of the role of clo-

uds on climate response: 1) the relationship between coverage and the average pro-

perties of the atmosphere; 2) the correct parameterization of the cloud radiative

characteristics in terms of their microphysical properties.

The feedback between cloud coverage and temperature may either amplify or damp the

climatic response to an increase in CO atmospheric concentration.

The calculations are being performed using a 1-D-RC globally averaged atmospheric

nodel (Aliraandi e Visconti, 1979, Maltese, Visconti a*:.d Fiocco, 1981). Also consi-

dered are the latitudinal distributions of the changes in atmospheric temperature

due to CO doubling. For this purpose a better parameterization of the radiative

roperties of clouds is needed. Attempts are being made to include the dependence

f cloud albedo on solar zenith angle and liquid water content, and of cloud infra-

red emissivity on liquid (or ice) water content.

s regards the troposphere-stratosphere interactions, an effort is being made in

nderstanding the consequences of the probable existence of thin sulfur aerosol

ayers in the lower stratosphere. If a suitable temperature profile is associated

ith them, the vertical transport of water vapor through the lower equatorial stra-

tosphere can be reduced by factors of the order of a few percent: a population of

articles may oscillate along the vertical within the layer, drying the atmosphere

n the upper level, carrying water downward and releasing it at the lower boundary.

This effect seems to be particularly important after very strong eruptions, as the

. Agung eruption of 1962, and is being considered also as a possible cause for

the dehydration of the stratosphere in undisturbed conditions.
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Project Leader
Prof. Dr. Paul J. CRUTZEN

Institution, Laboratory, Address
Max-PLanck-Institut fur Chemie.
Abteilung Chemie der Atmosphere
Postfach 3060
D-6500 HAINZ Telephone

(06131) 3051 (305218)
Telex
4187674 MPCH 0

Title of the Project

Design of a radiative-convective-photo-chemical model of the atmosphere
to study the sensitivity of climate and chemical composition to a

of human activities.

Objectives

To calculate possible changes in atmospheric chemical composition of the
average earth and air temperatures arising from changing emissions of
biospheric and industrial gases, such as CQ2, CO, NjO, CH4 and N0x.
This work may assist in future economical development strategies.

Short description of the Project

In a collaborative effort two effective, numerical models
will be coupled together: a radiative, convective model
developed at NCAR by Dr.. Ramanathan (see J. of Atmospheric
Sciences, 33, 1330, 1976) and a photochemical, steady-state
model whicTTWas developed by the proposer. In the radiative-
convective model the average surface and atmospheric tempera-
tures below 50 km are calculated taking into account atmospheric
stability and latent heat release, and solar and infrared heating
of the atmosphere.by clouds, H20, C02, and 0 3. In this model,
the vertical distribution of ozone is assumed and kept constant.
In the photochemical model, on the other hand, the water vapor
and temperature distribution of the atmosphere are kept constant,
and the vertical profiles of many chemical species are calculated,
taking particularly into account the most. Important industrial and
biological compounds, which affect the ozone layer and climate.
The following phases in the model development are anticipated:

Pt) Adapt the radiative, convective Code for use on the German com-
puter (CRAY in Munich) and extend it to include also the thermal
heating by N20, CH4, CFC13, CF2C12. As with C02, the emission of
these gases at the earth's surface will all change due to expans-
ions of industrial and agricultural activities. They contribute
significantly to the earth's greenhouse effect.

P2) Combine the existing models so that chemical composition and
temperature profiles are calculated interactively. In this way,
in the model, chemical compositions are allowed to affect tem-
peratures and water vapor profiles, while water vapor, and tem-
peratures will affect chemical composition through the tempera-
ture dependence of reaction rate coefficients,, and OH production.

P3) Transfer from altitude to pressure coordinates to take into
account hydrostatic adjustment because of temperature changes.
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The tropical tropopause temperature: regulates the concentrat-
ions of H,0 1n the stratosphere. This affects stratospheric photo-
chemistry Importantly via the production of OH. A parameterization
scheme will, therefore* be developed with which the temperatures
at the tropical tropopause will be estimated from the calculated
temperature profile, which 1s representative of global, average
conditions. Initially, the parameterization will be based on
extrapolation from the current atmosphere, but the feasibility
of designing a model which will more explicitly take Into account
the chemical, and radiative balances in the low latitude atmo-
sphere will also be explored.

P5) Parallel to the design phase of the model, studies will be con-
ducted to deduce possible scenarios for changing industrial and
natural inputs of trace gases into the atmosphere, especially for
C0 2, CO, Na0, N0x, CH4, forest derived isoprene and terpenes, and
chlorocarbon gases.

?c) Use the model to study the sensitivity of climate to
changes in the input of Industrial and biogenic gases
at the earth's surface.
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Project Leader
Prof. Dr. H. Hinzpeter

In s t i t u t i on , Laboratory, Address
Max-Planck-Institut fur Meteorologie

Bundesstrasse 55
D-2000 Hamburg 13

Telephone
0*07*11* 225

Telex

Ti t l e of the Project

The influence of man-made aerosol particles on global climate

Objectives

Aerosol particles influence on the Radiation Budget both, in clear areas and after in-

corporation into cloud air. Variations with concentration changes as given by a

two-dimensional (<f , z) global aerosol transport model also developed within the

project.

Short description of the Project

Man's growing impact on the concentration of minor atmospheric constituents like 5O_

and aerosol particles deserves modelling efforts since the measurement of a reaction of

the global climate system will surely be buried for too a long time in the natural

fluctuations. Starting with long term mean seasonal flow and diffusivities as well as

cloud amount and temperature a steady state concentration of aerosol particles will be

calculated in a two-dimensional (dependence on height and latitude) model. Sources and

sinks for particles within one of three size ranges, which will be handled are: direct

emission, gas to particle conversion, coagulation, gravitational settling, dry deposition,

rainout and washout. Given the model output for different scenarios radiative transport

calculations in clear and cloudy atmospheres will follow in order to give the conse-

quences for the energy budget of the earth; documented for instance as local

planetary albedo variations due to particle concentration changes accounting for the

influence of particles on radiative parameters of clouds. Finally a comparison to other

man-made suggested climate perturbations should be made.
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Project Leader
Prof, Dr. Karin Labitzke

Inst i tut ion, Laboratory, Address
Institat fur Meteorologie•

der Freiea Universitat Berlin
Abteilung Stratospharenforschung
Podbielskiallee 62 ' - • r ~ ^

D-looo Berlin 33
Telephone
(o3o)838 5826

Telex
ol 83 188

Title of the Project

Temperature Trends in the Stratosphere

Objectives
Cliaatic changes, CO. problem, long-term variations

Short description of the Project

Daring the last years the results of several model calculations

shoved that the temperatures in the stratosphere should change

drastically, if, e.g., the C02 content is doubled. As the tem-

peratures in the stratosphere are effected by the annual cycle

and the quasi-biennial oscillation and, moreover, other long-

term variations, e.g. the sunspot cycle, possibly influence the

stratospheric circulation, it is difficult to ascertain trends.

It is therefore necessary to monitor the temperatures in the

stratosphere by means of careful analyses for periods as long

as possible to yield statistical significance and to set some

arguments, i.e. real data, against the often dramatisized model

calculations.

This is done by the Stratospheric Research Group of the Free

University Berlin. The available data set starts in 1957. The

Berlin data consist of daily analyses of the heights and tempe-

ratures of selected stratospheric levels. These analyses are

based on radiosonde data. The final hemispheric analyses are

digitized in the form of a latitude-longitude grid and are put

on magnetic tapes. The data ore most complete for the 3o-m«jar

level (23 km). But as the effects, of the temperature encnges

due to antropo genie influences arc expected to be ranch more
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Project Leader

D. RAYNAUO

Institution, Laboratory, Address
LABORATOIRE DE GLACIOLOGIE ET DE GEOPHYSIQUE DE L1 ENVIRONMENT
2 , rue T r e s - C l o U r e s , 38031 GRENOBLE-Cedex, France

Telephone
(76) 42.05.27

Telex
320254 CNRSAL?

T i t l e of the Project PAST CHANGES IN GLOBAL ATMOSPHERIC C02 CONTENT

FROM ICE CORE STUDIES

Objectives The climatic effect of anthropogenic world-wide changes in the
C02 content of the atmosphere is a c r i t i c a l question for the near future. Modelling
is made in order to forecast this ef fect . The aim of the project is to describe
the past changes in global atmospheric C02 content during time intervals including
important climatic changes. This information is needed to test the results of the
dif ferent models.

Short description of the Project

There is an unique record^of the global evolution .of the past atmospheric C02
frozen into the glactal fee. Furthermore, tee core studies ( in part icular through
the stable isotope composition of the ice) provide a detailed record of the
climate history. Important information can be, thus, obtained about atmospheric CO.
content and climate interactions including the comparative timing of the important'
changes in C02 content and climate, as well as the sources and sinks, for the
global atmospneric C02. The ice core record may also reveal the pre-industr ial
C02 leve l , a necessary piece of information for understanding the present rate
of increase of the C02 load in the atmosphere.

The project deals with this research and includes :

1) Detailed measurements of CO, records from well preserved ice cores covering
the Holocene and the last ice age.

2) Design and testing of a new d r i l l i n g system in order to sample, in Antarctica,
the deep ice layers formed during the preceding interglacial 125,000 years
ago (this period was most l i ke ly characterized by a climate a few °C warmer
and a sea level a few meters higher than to-day and could provide a convenient
analogue of the near-future atmospheric COp-climate s i tuat ion) .

3) Physico-chemical investigations of C02-ice interactions in order to understand
the processes which could affect the atmospheric record preserved in ice cores.

13 12
4) Attempt to measure the C/ C ratio of the C02 trapped in ice in order to

obtain information about the origin of the atmospheric C02 changes. This
requires the extraction of C02 from several kilograms of ice which is a
difficult technical problem.
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Project Leader
Dr. R. Relcer

In s t i t u t i on , Laboratory, Address
FRAUNHOFER INSTITOT FUR
AIMOSPESRISCHE UMWELTFORSCHUNG
Kreuzeckbahnstrasse 19
D-8100 Garmisch-Partenkirchen
W-Germany

FRAUNHOFER INSTITUTE FOR
ATMOSPHERIC ENVIRONMENTAL RESEARCH

Telephone
08821/51056

Telex

Title of the Project

STUDY OF THE CO2 BALANCE THROUGH EXISTING CO2 RECORDINGS FROM THREE NEIGHBORING
MOUNTAIN STATIONS (0.7, l.B, 3.0 KM ASL) BASED ON METEOROLOGICAL, BIOLOGICAL,
AND ANTHROPOGENIC DATA

Objectives

Derivation and, to a far-reaching extent, modeling of the CO2 budget on the
basis of several years' recordings of the CO2 concentration at stations located
at 740 m (amidst the biota of the valley), 1780 m (above the timberline) , and
2800 m (surrounded by rock and ice). All biological, anthropogenic, and meteoro-
logical parameters controlling the CO2 concentration at the different altitude
levels are included. At 2800 m a.s.l. dominates already the global <X>2 variation.

Short description of the Project
For several years, the Fraunhofer Institute for Atmospheric Environmental Research
located in the northern Bavarian Alps, has been conducting continuous recordings
of the CO2 concentration in air simultaneously at three stations extending over a
vertical range of about 2 km at relatively small horizontal distance. For a better
understanding of our task, Fig.l illustrates the location of the measuring sites,
Station 1 is situated in the floor of the l/oisach valley in Garmisch-Partenkirchen.
The station lies amidst pastured meadows near to forests consisting dominantly of
spruces and partly of deciduous trees. The next higher station (2) lies about 1 km
over the valley floor on a flat, rounded mountain top immediately above the timber
line. The lower part of the .slopes in the surrounding mountains is more or less
densely covered with spruces which are becoming sparser from 1600-1700 m and make
more and more way for grassland. The grassland changes into rubbles of limestone.
Thus, station 2 is surrounded by meadows, aside from a few dispersed conifers.

The third station (3), near to the peak of the Zugspitze (2 km above the valley),
lies well above the vegetation line directly in the rock .and ice region. It is
situated such (the same holds for station Wank, 2} that anthropogenic influences
can be completely excluded. This is verified by control measurements of the SO2
concentration, condensation nuclei, and so on. A negligible effect of human
activity on the CO2 concentration is found alone in the valley floor in winter.
It Can clearly be documented by the S02 concentration as during the winter heating
season oil is used almost exclusively in the residential areas of the valley.

In spring and fall, but particularly in sumr.er, we find in the valley an extremely
marked daily variation of the CO2 concentration with minimum in the afternoon and
maximum at night. This corresponds to the activity of the biomass: during the
night, C0 2 is released to the atmosphere through assimilation of living plants
and - as also by day -fermenting processes of dead organic matter in the soil.
On sunny, warm days net-photosynthesis, in contrast, prevails by day where oxygen
is released and carbon fixed in the plants.

The present research project is aimed at a parameterization of these variations
including the effects of all controlling meteorological parameters, such as



air and soil temperatures, intensity and kind of radiation (direct, diffuse),
precipitation, and anthropogenic contribution (see above, indicated by SO_).

At station 2 it became clearly evident that, surprisingly, the daily variation is
extremely weak in summer even on days with good vertical exchange.

At station 3, Zugspitze, a daily variation is completely absent in all seasons.

However, if we look at the annua 1 variations, we note a just weakly indicated annual
variation at station 1 in the valley. The annual variation at station 2 (Wank), in
contrast, is sharply pronounced with minimum in midsummer and maximum in the colder
season. A similar variation is found at the Zugspitze but the amplitude is somewhat
smaller there. If we compare our recordings with those of Mount Mauna Loa, we find
an annual CO2 variation in phase with that on the Zugspitze and Wank. The amplitude
is yet a little smaller and the absolute values show almost perfect agreement.

In this connection it should be noted that in situ calibration at all stations is
performed in accordance with the Keeling scale.

This unique Cv>2 recoruiuy System providing data from stations at different- altitude
under varying meteorological and ecological conditions is indeed a challenge for us
to derive the CO2 budget. This is the ultimate goal of our present study. Systematic
parameterization and inclusion of all controlling environmental factors shall give
for the first time, on the basis of long-term recordings, a mathematically founded
general idea of how meteorological variables on the one hand, and the biomass on
the other, determine the behavior of the CO_ at different levels.
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Project Leader

G. LAMBERT - A. GAUDRY

Institution, Laboratory, Address

Centre de9 Faibles Radioactivites -Xaboratoire mixte C.K.R.S. - C.B.A.

Domains du C.N.R.S.

91190 - GIF SUR YVETTE Telephone

907 78 28
Telex

691137 F

Title of the Project : Measurement of atmospheric C0 2 concentration

in the subantarctic areas, and of its long-term evolution.

Objectives : study of the variations of the atmospheric C0~ concentration

at Amsterdam Island (Territoire des Terres Australes et Antarctiques

Franchises). Study of the role of the ocean and of the transport phenomenon

in the different variations observed.

Short description of the Project

The continuous increase of the atmospheric C0? content, already observed

since 1957, justifies a large international effort, coordinated by the World

Meteorological Organization.

Amsterdam Island has been included in the 3APM0N network of the WMO,

the objectives common of the whole station being :

- to study the long term CO- trend and to define the more accurately as

possible the annual CO™ increase rate ;

- to study geographical gradients of the C0_ contents to localize the

principal source or sink regions.

The results from the different stations of the network might be comparable

within 0.2 ppm. An inter-comparison of the methods is undertaken, by means of

standard gases calibrated relatively to a common scale stated at the Scripps

Institution of Oceanography.

Furthermore, at Amsterdam Island, the usual causes of disturbances of

the C0_ concentration measurements : volcanism, human activities, forests,

are minimum or not existing. Consequently, various short-term variations (one

to several days) can be connected to causes irrelevant of the island surface.

For example, some variations, have been particularly attributed to

transport phenomena, by interpreting simultaneously, the variations of the CO2

concentrations, the meteorological parameters and the radon radioactivity,

or continental tracer of the air-masses.
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Project Leader L i l i a n e MERLIVAT

Institution, Laboratory, Address COMMISSARIAT A L'ENERGIE ATOMIQUE
Departement de Physico-Chimie•

CEN/SACLAY
91191 Gif-sur-Yvette Cedex

Telephone
6.908.24.73

Telex
690641 F

Title of the Project Study of the dynamics of the atmospheric C0-
uptake at the ocean surface.

Objectives : We want to calculate the flux of CO- through the atmos-
phere-ocean interface at the world ocean scale taking into account
latitudinal and seasonal variations .The physical mechanisms of gas

exchange will be investigate in a first sta^e, based on exoeriments
run in a wind tunnel. The conclusions, extended at the ocean scale,
will be introduced in a global model.

Short description of the Project

To predict reliably future.-atmospheric CO- levels one must
throughly understand tHe dynamics of the gas exchange betwe.en air
and sea as a function of dynamical parameters as temperature, sea-
state, wind speed, and chemical parameters mainly the sea water
chemistry. The flux of CO2 between the atmosphere and the ocean is
estimated from the product of its concentration difference across
the interface and the transfer velocity which, depends on the various
parameters quoted above.

A rather extensive mapping of the pC02 difference between air
and oceans starts to appear now as a result for instance of the
Geosecs cruises as well as the Norpajc Program. At the opposite no
quantitative basis exists to calculate the value of the transfer
velocity coefficient and its dependency on the dynamical and chemical
quantities, describing the air-sea interface.

Our aim in the present proposal is to investigate the mechanism
of the gas exchange at the air-water interface by running experi-r
ments in a wind tunnel.

A wind-water facility wherein the small-scale dynamical and
thermodynamical air-sea exchange processes can be simulated exists
at the Institut de Mecanique Statistique de la Turbulence at Mar^-
seille. We will measure the CO- exchange rate in this facility wor-
king with sea water* To our knowledge it will be the first time
that such an approach will be used.

A more detailed scheme and time-table for the proposed
research are the following :



A. 19

1980 - Experiments at I.M.S.T. with rare gases (argon, helium)
| 1981 and slightly active gases as N-0 with sea-water. This study
i is presently being achieved with fresh water. Our purpose
i is to establish the dependency of the transfer velocity
' in fresh and salt water on the molecular diffusivities and

solubilities of the gases.

1982 - Setting of the analytical procedure to measure CO- in the
1983 gas and the liquid phase directly in the wind tunnel by gas

chromatography. Experiments in the wind tunnel with C02
and salt water.

1Q8d _ Mnfl^i ino t"h*» -FIIIY nf C(\ Vna-l-vf̂ fni the atmnenliprp anA tht*

at the world ocean scale, taking into account the regional
and seasonal changes. In this computation we will introduce
our results on the transfer coefficient velocities and their
dependency on the meteorological .data, known at the sea
surface for the whole ocean.

Special emphasis will be put on the high wind regimes in
which mass transfer is largely enhanced by the presence of
bubbles associated with the presence of breaking waves.

Please complete your description within this page
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t Project Leader
I Dip).-Ing., Di.il.-Wirfschafts-lng. Herbert MEINL

Institution, Laboratory, Address

DORNIER-SYSTEM GMBH
P.O.Box 1360

O-79SO FrJedrtchshafen Telephone
075^5 / 8

Telex
073^203-0 do d

Title of the Project

Socio-Economic Impacts of Climatic Changes

Objectives
Determination of the potentiat socio-economic impacts (within the EEC) of
a further increase in atmospheric C0 2 leveis, with resulting changes in
climate and climatic variability.

Short description of the Project

1. The Problem:

The scientific community agrees in principle on the facts,

° that a doubling of the atmospheric C02-level is likely to
occur within the next century

o that this doubling may cause an incr'ase of the global mean
temperature of about 2,5 °C i 1 °C

o that there will be strong differences in temperature increase and in the
relative change of other climatic parameters on a regional basis

o that climatic changes may cause severe socio-economic impacts

o that assessment of socio-economic impact is assessment under high
uncertainties, but nevertheless assessment studies have to start
now, because decis.ion makers need options for countervailing measures
as early as possible and

o that assessment of socioeconomlc impacts needs *n Interdisciplinary
approach.



A.21

2. The objective of this study is to investigate possible socio-economic impacts
of changes in climate and in climatic variability due to increased future CO2
levels in the atmosphere with particular reference to agriculture, water
resources and energy demand within the EEC area.

3« Procedure:

The study consists of two parts: an impact study and a case study.

The ;mpact study consists of:

- development of climate scenarios on the basis of 3-D-GCM and other
model calculations

- evaluation of future atmospheric C02-content based on different energy
scenarios

- assessment of selected consequences of changes in relevant climatic parameters
on the most important sections of agriculture, water management and energy
demand

- assessment of the impact of the above changes in climate and climatic
variability on the relevant statistics within the EEC area (e.g. on food
production statistics)

- assessment of counteracting strategies.

Within the case study, one selected sector |s . investigated in detail, taking
into account the regional differentiation within the E X area.

Please complete your description within this page

I
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Project Leader
Prof. Dr. Helmut Lieth

Institution,, Laboratory, Address
University of Osnabrilck, FB Biologie/Chemie, Dept. of Ecology,
P.O. Box 4469, 4500 Osnabriick, Federal Republic of Germany

Telephone
0541/608-2575

Telex
944887 unios d

Title of the Project

The function of- the biosphere within the global carbon cycle
and its influence upon the climate.,

Objectives

Investigation of carbon flux and biosphere function in savannah
regions and carbon flux changes due to land use changes.

Short description of the Project

In this project the relation between global climate and vegetation
processes is investigated. Special attention is given to savannah
regions and the impact of agriculture and forestry upon the global
carbon flux through the biosphere.

A basic regionalized model for the carbon flux of the biosphere
has been elaborated. This model provides the annual carbon flux
for any geographical land region of the world. Input and output
of carbon are modelled using climatic factors as driving forces.
The validation and regional ization in savannah vegetation as well
as the general changes of carbon fluxes by agriculture and forestry
is attempted under this contract. Parallel to this work the region-
alization for watersheds/ continents, and for natural forest areas
is presently being elaborated under a contract from the "Umwelt-
bundesamt".

The modelling work is based on the previous elaboration of a com-
puterized information system containing data on net primary pro-
ductivity, litter fall, litter decomposition, air temperature,
precipitation, evaporation, and other environmental data together
with information about the natural vegetation and soils. All data
can ba inputted into a 2.5° geographical matrix model.

The model output is a map based on the SYMAP program, specially
expanded to provide the balancing of regional vegetation functions.
The savannah regions of the world, the changes of farmed and
forested land tent* surface areas in the temperate regions of the.
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Project Leader
Prof.Dr,E.T.Degens

Institution, Laboratory, Address

SCOPS/UNKP-International Carbon Center
Geological-Paleontologieal Institute
Hamburg University
Bundesstrasse 55
2000 HAMBURG 13, F.R.G. ff 234992 Telex

Title of the Project

"Transport of Carbon and Minerals in Major World Rivers"

Objectives

Assessment of the flux of organic and inorganic carbon as well as minerals from

the continents to the world ocean. Observation of the time-dependent behaviour

of this branch of the global carbon cycle. Evaluation of its response to

anthropogenic perturbations.

Short description of the Project

The biogeochemical cycling of elements is significantly affected by man's
activity. This is particularly true of the element carbon. The progressive
increase in CO2 in our atmosphere over the past 100 years is a good example of
such anthropogenic intervention. Owing to the 'greenhouse effect1 of CO2
climatic changes are expected in the near future.

Air, sea, life and earth intercommunicate through a series of interfaces and the
pristine carbon system seems to operate under steady state conditions. However,
the anthropogenic perturbation of the carbon cycle is a non-steady-state process
and so Is the carbon cycle's response. The carbon cycle as we observe it today
can not as yet be balanced and the scientific community still searches for the
'missing' sink for a fraction of the anthropogenically emitted CO2 that cannot be
accounted for with our present concepts on the carbon cycle.

In search of a potential sink for that missing CO2 we examine the distribution
and flow of carbon compounds in soils and rivers as part of a project jointly
sponsored by the Scientific Committee on Problems of the Environment (SCOPE), the
United Nations Environment Programme (UNEP) and the Commission of the European
Communities. The major rivers of the world are monitored at least once a month
and for a full hydrological year for a series of key parameters including
dissolved and particulate carbon species, mineral nutrients, major ions and
suspended solids. About 100 scientists from developed and developing nations are
involved in this exercise. Following a one year field study, the outcome was
presented at a workshop attended by the principal investigators from more than 20
nations. The project started in early spring 1981 and will continue at leastvfor
another year.

Almost 70 percent of all water draining from land to sea is monitored and the
results of the 1981 activities will come out as a book in May 1982.
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It appears that the carbon contribution from soils to rivers is more substantial
than previously assumed. The participants agreed that for a global study all
major streams must be measured simultaneously, at minimum intervals of two to
four weeks, and by the same techniques.

Monitoring must continue for some time to reveal the true dynamics of riverine
carbon and that of any other compound be it ion, molecule, or particle.

Work on industrialized rivers reveals that in general they not only carry a
higher load in carbon than rivers in their pristine state but also of nitrate and
phosphate. For instance, the combined effluent of nitrate in the Rhine and the
Rhone equals that of the Amazone, which has a discharge about 50 times larger.
This nitrate stems from fertilizers and can promote plankton blooms in rivers and
estuaries.

I
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SUMMARY OP SOME WMO ACTIVITY RELEVANT TO ATMOSPHERIC CARBON DIOXIDE*

by
Rumen 0. Bojkov

General background

1. Since industrialization began in the early 1800's, the world-wide
combustion of fossil fuel (coal, petroleum, natural gas, etc.) has released
large amounts of carbon into the atmosphere, mainly in the form of carbon
dioxide. It is also possible, but as yet uncertain, that in addition,
significant amounts of carbon may have been released into the atmosphere
during this same period through deforestation, the disturbance of natural
soils, and other human activities. It is estimated that at about the middle
of the last century, the CO2 concentration in the atmosphere was between 265
and 285 ppmv, whereas in 1982 it is already more than 340 ppmv; an increase of
roughly 20 to 30 percent. In this connection, it should be re-emphasized that
the available 25 years of continuous data are barely a tick on the climatic
clock. It is thus highly desirable to maintain a continuity of high quality
measurements spanning generations of scientists.

2. Even though CO2 is a minor constituent of the atmosphere, it is an
effective absorber of infra-red radiation. An increase in average global
surface temperature of about 1 to 3*C is indicated for a doubling of CO2 by
current model calculations. Some regions of the world might experience
advantageous climate changes, while many others might be disadvantaged. In
order to determine the climatic implications on a regional scale of increased
CO2 with regard to temperature, cloudiness, precipitation, etc., and to be
able to advise appropriate national and international bodies, in planning
their energy policies or to plan adaptations to a different climate, more
knowledge is needed about the climate system and its response to increased
CO2 (as well as to related changes in other atmospheric constituents).
Therefore, further experimentation is needed with high resolution
time-dependent climate models which Include the ocean.

3. The impact of CO2 increase will span over a long period of time, a
time span in which the human population will likely double, the global economy
may undergo changes, and advances in technology in agricultural practices,
water management, and energy production might partially invalidate even the
most recent assessment. However, from an international and human point of
view, intensive research needs to be undertaken in order that timely advice
can be given for protecting the well being of future generations.

4. The increase of CO2 is the result primarily of activities of a few
individual nations for their own perceived benefits, while the consequences
would fall upon all nations, perhaps benefiting some and-damaging most.
Mitigating these effects, if proven necessary, will require concerted action
by many nations — an extremely difficult issue, which could be dealt with
only on the basis of an increasingly sound and broad consensus of the
scientific facts, and their implications for society.

* Prepared for the DOE Research Conference on CO2 — Science and Consensus,
19-24 September 1982, Berkley Springs, West Virginia. This paper reflects the
personal views of the author, and not necessarily the position of the HMO or
any other organization.
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5. Decisions on energy and land-use policies, to the extent that they are
influenced by C0 2 increases, must be based upon objective and reliable
knowledge of possible climatic changes. Because of the long lead times that
will be required it is obvious that decisions being made during this decade
(80s) will have an effect on the entire 21st century. Reliable information
and understanding are needed now as a basis for making decisions that can not
be delayed for too long without incurring a risk. Here it appears to me, is
one of the many positive sides of the DOB Carbon Dioxide Research programme,
which started as a national programme and has expanded to become
internationally important.

WMO initiated a CO-? project

6. To better understand the role of the World Meteorological Organization
in the atmospheric C0 2 issue, it is useful to recall that WHO is an
intergovernmental body (specialized Agency of the United Nations) established
with a view to co-ordinating, standardizing and improving world meteorological
and related activities, and to encouraging an efficient exchange of
meteorological and related information between countries in the aid of human
activities. Most of the activities are arranged and carried out by Member
countries with the Organization having broad promotional and co-ordinating
functions. WMO has a long record of interest in climate, and in atmospheric
sciences in particular. At the present time, more emphasis is being placed on
studies of climatic change and variability and especially of man's impact on
these changes. WMO is implementing a World Climate Programme, and studies of
the CO2 problem have a distinguished place in the WCP Research component,
which is being developed under the scientific guidance of the Joint WMO/ICSO
Scientific Committee (JSC).

7. To arrive at a better understanding of the potential growth of
atmospheric C0 2 and of its climatic consequences requires the efforts of
scientists in many disciplines, including atmospheric scientists,
oceanographers, geochemists, ecologists, and economists. Therefore, the World
Meteorological Organization established, in 1977, the WMO Project on Research
and Monitoring of Atmospheric CO2, now a part of the World Climate Research
Programme (WCRP), designed to contribute to this understanding. The WCRP is
being developed in coordination with relevant national and international
programmes, recognizing that efforts by many other agencies will be necessary
to resolve the issue and provide a reliable estimate of the consequences of
increased CO2.

8. The overall objective of the WMO Research and Monitoring Project on
C0 2 is to contribute to the understanding of the climate system and its
reaction to increased C0 2. The areas of particular concern to the project,
not in order of priority, include:

(a) Identification of the scientific needs for and supporting of
long-term high quality measurements for detection of CO 2 trends;

(b) The analysis of the measured atmospheric C0 2 distribution to
assist in the prediction of future concentrations;

(c) The impacts of increased atmospheric CO2 on the climate, both
global and, most important, regional climates;
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(d) The detection of actual climate changes resulting from increased
CO2. This, in effect, means verification of the accuracy of
climate models with actual data and assisting in establishing a
methodology for detection of first signals.

9. Specific topics which are being assisted by WMO programmes and will be
further developed include:

1. The continued evaluation of the scientific requirements for
adequate measurements of atmospheric CO2. This includes
requirements for precision and accuracy of the measurements and
their spatial and temporal distribution.

2. The analysis of these global measurements to determine the future
trends of atmospheric C02 and to help determine the natural
sources and sinks for atmospheric C02. This is needed to
determine the partition of CO2 released by the combustion of
fossil fuel among the reservoirs of CO2, as well as the impact
of modified land-use..

3. Increased modeling efforts of the global climate effect of
additional CO2. Particular attention needs to be paid to
regional differences in the response of the climate. Not only
temperature changes, but perhaps more important, the effects on
regional precipitation and evaporation will be addressed. An
improved understanding of cloud processes in the climate system,
and the role of the oceans in the evolution of climate (possibly
delaying the atmospheric response) is needed. Also needing study
are the interactions with the cryosphere: sea-ice reactions to
climate change as well as the possibility of substantial changes
.n sea-level resulting from changes in the continental ice-sheets.

4. The detection of actual climate change due to increasing C02.
It will be a difficult task to determine that the climate has
changed and that any change is indeed the result of increasing
C02- Confirmation of the suspected C02 effect will come, if
it does come, from a multiplicity of signals rather than from one
set of observations. It will require a close interaction between
models and actual data, with models guiding the data to be
examined and data suggesting new modeling experiments. Careful
analysis of old climate data, both near the surface and in the
troposphere and stratosphere, will be required. It will also
require that attention be paid to other atmospheric constituents
whose concentrations may affect the climate, particularly changes
in the stratospheric aerosol and changes in concentrations of
other gases capable of modifying the earth's radiation balance.

10. Most activities relevant to CO2 studies are nationally sponsored.
WMO is co-ordinating the topics relevant to atmospheric sciences and their
interaction with other fields, in close collaboration with UNEP and icSU. To
achieve the C02 project's objective, WMO will continue to:

Disseminate to Members, as necessary, results and summaries of
the results of research related to these topics.
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Provide assistance and encouragement to Members wishing to
undertake research and monitoring activities in this area.

Support, as far as possible, expert meetings on these topics and
organize periodic reviews of the current knowledge.

Cooperate with other national and international organizations in
overall reviews of the CO2 issue.

Recent WMO activity relevant to p

11. About four years ago, the WMO Secretariat conducted an inquiry among
Member countries, the results of which indicated that more than 30 countries
are interested and actively involved in atmospheric CO2 measurements and/or
relevant research. Currently, the number of stations with existing or
anticipated CO2 measurements exceeds 35. In the meantime, a number of
meetings and studies have been conducted with WHO sponsorship. A table is
included at the end of this paper which lists the main decision points and
events in chronological order. In the following few pages, more substantial
information is provided.

Use_ of_carbon_ i,sotopes_

12. Because the principal sink for fossil fuel CO2 i-> the ocean, an
integral part of carbon dioxide research efforts are studies of the dynamics
of the ocean CO2 uptake and the internal excess CO2 redistribution in the
ocean through advection and eddy diffusion. One of the most attractive
methods of studying this problem is by using carbon isotope measurement
techniques. Specifically, changes in 1 4C levels of ocean waters provides
essential information on the rate of CO2 uptake by the oceans. To discuss
this and other developments in the use of carbon isotopes, a meeting of
experts on the Use of Carbon Isotopes in Studying the Carbon Cycle was held in
Geneva (August 1979) (under the chairmanship of Professor Hans Oeschger). The
report of this meeting was printed by HMO. It also discussed the results of
precise ^ C fluctuations caused by changing ^ C natural production (solar
and terrestrial magnetism) and/or by variations in the CO2 exchange. A
review of the geological record of past CO2 con-"»ntration using the ice-core
data is under preparation.

Work_in£ Grou£ on_C0_2_

13. A session of the WMO Commission for Atmospheric Sciences (CAS) Working
Group on Atmospheric Carbon Dioxide, together with representatives from ONEP
and SCOPE (under the chairmanship of Dr. Kirby Hanson), was held in Boulder
(November, 1979) to review achievements in the study of: atmospheric component
of the carbon cycle, use of carbon isotopes, flux of CO2 across the sea/air
interface, mechanisms by which CO2 influences climate, sources of
atmospheric CO2 during the past century and scenarios for the future. The
meeting also discussed the problems associated with the requirements for
measuring C02 in the atmosphere. Based on discussions of leading experts on
the climatic effects of increased CO2 (which were organized by WMO the
previous week under the chairmanship of Dr. W.W. Kellogg), the CAS Working
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Group concluded that there now seems to be little doubt that an increase in
atmospheric C0 2 will result in a general warming of the troposphere and a
cooling of the stratosphere, with the response in the polar regions being
greater than at lower latitudes by a factor of about 2 or 3 in the northern
hemisphere, and greater in winter than in summer. Such a general warming will
affect general circulation patterns - though exactly how is still not clear.
A number of concrete proposals were made for further model development. These
proposals emphasized studies on the coupled ocean-atmosphere models that
include heat transport and variable cloudiness, better incorporation in the
models of the physical processes that control albedo, soil moisture and so
forth, aimed at describing regional and seasonal changes of temperature and
precipitation and response of the cryosphere.

14. In other related activity, steps were taken to assist Members by
providing an up-to-date review of the CO2 issue. A competent review
entitled "Information material for answering queries on atmospheric carbon
dioxide and possible climate change due to its continued increase" was
prepared and distributed to all Member states. A review of methodologies,
existing programmes and available data from atmospheric C0 2 concentration
measurements was prepared by Dr. Graeme I. Pearman, at the request of CAS and
was widely distributed by HMO in 1979.

Joint WMO/UNEP£ICSU Assessment_of C0 2

15. In response to the need to reach a common view on certain complex
interdisciplinary questions which arise within the WCP, WMO took the intiative
of calling a joint WMO/ONEP/ICSU meeting of experts on Assessment of the Role
of C0 2 in Climatic Variations, which was held in Villach (Austria) in
November 1980. The meeting concentrated on providing an assessment of the
present knowledge with regard to:

(a) Changes of the concentration of CO 2 due to natural and human
causes;

(b) Characteristics and reliability of climate projections and
sensitivity studies;

(c) Economic and social impacts of climate changes that might be
induced by CO 2 increase;

(d) Data and observational requirements for research related to
various aspects of the CO 2 question.

The assessment, known as the first joint assessment was widely distributed by
all three organizations during early 1981.

16. The meeting recommended five areas in which nost attention is required
in order to stimulate further research aimed at closing the gaps in the
knowledge of the CO2 question:

(i) Likely consumption of fossil fuels in the next century;

(ii) Prospective modes of management of the global biosphere;
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(iii) Clarification of the carbon cycle and quantification of the
partitioning of CO2 among the atmosphere, the oceans and the
biosphere;

(iv) The climatic response to increasing C0 2 in the atmosphere; and

(v) Potential impact of climatic change on agriculture, fisheries,
water management, etc.

Sciemtif£c_confe£ence £n_aiialysi£ £f__CO?_data_

17. Following recommendations made at the meeting at Villach, a joint
WMO/UNEP/ICSU Scientific Conference on Analysis and Interpretation of
Atmospheric CO2 Data was held in Bern (Switzerland) in September 1981
covering the following topics:

Introduction to the interpretation of atmospheric C0 2 data;

Northern polar and middle-latitude atmospheric C0 2 data anlysis;

Tropical and southern hemisphere atmospheric C0 2 data anlysis;

- Atmospheric transport and sources and sinks of C02;

Isotopic and long-term history of the C0 2 system;

Use of models in the interpretation of atmospheric CO2 data.

During the discussions numerous recommendations were made on issues relevant
to the use and analysis of data from ancient C0 2 concentrations, from
accurate measurements (1958-1981) .- and on future observations and predictions.

Measiirements_of £tmos;phe£i£ C0 2

18. During recent years WMO has made significant contributions to the
establishment of C0 2 measuring stations by a number of countries.
Recognizing the possible long-term consequences of changes in the composition
of the atmosphere, WMO initiated, in the late 1960's, a network of background
air pollution stations. The network monitors, on a global basis, certain
significant constituents, and documents changes in those levels with time.
About a dozen baseline background air pollution stations (BAPMoN), and another
14 regional stations with extended programmes, are now in operation. WHO is
arranging, in collaboration with EPA and NOAA, for publication of the
observation data. WHO, with the assistance of UNEP, is co-sponsoring the
central laboratory for analysis of atmospheric CO2 (CCL) in La Jolla (USA).

19. A Joint WHO/UNEP/TCSU meeting of experts on Instruments,
Standardization and Measurement Techniques for Atmospheric CO2, (organized
within the framework of the implementation of the WCP and in response to
another Villach recommendation) was held in Geneva under the chairmanship of
Dr. Lester Machta in September 1981. The meeting discussed in some detail the
scientific requirements for background CO2 measurements. It was agreed that
it has been adequately demonstrated that individual non-dispersive infrared



A.33

CC>2 analyzers, calibrated by reference gases from the CCL are capable of
determining concentrations over a range of precision of 0.1 ppm or less when
repetitive observations are made on the same day at the same laboratory.
Repeated measurements made of the same gas mixture several days apart will
generally reveal a standard deviation cf of 0.2 ppm or less. From such
repeated measurements it is possible to determine a mean concentration with a
precision of f=0.1 ppm. This is regarded as the relevant precision of
measurement of the station.

20. The required absolute accuracy of measurements depends on their
ultimate use. In any case, however, the present accuracy of existing CCL
calibration gases, estimated by CCL at 0.1% or 0.3 ppm, is important for the
future should the primary (manometric) calibration system be lost or need to
be replaced. The maintenance of an absolute calibration system of at least
this accuracy is obviously fundamental for the programme. The scientific
needs for observations of CO2 relate to phenomena on regional and global
spatial scales (10^ - 10^km) and time scales of months to decades.

21. The demands of the measurements* precision depend on the particular
scientific objective of the measurement and the meeting felt that the
establishment and quantitative description of the rate of increase of
concentration in the global atmosphere requires only a limited nurabar of
carefullly selected stations (3-5), because of the relatively rapid mixing of
the bulk of the global atmosphere. Further referring to the study of the
spatial and temporal features of the annual variations of concentrations, it
was recognized that they are more demanding. A long-term station precision
of s^O.l ppm is desirable. To achieve the desired accuracy demands a high
degree of precision by the presently available gas analysis equipment,
together with extreme attention to data selection methods.

preparation of_a_second joint WMO/UNEP£ICSU assessment_oii Cp2

22. The EC-XXXIII (1981) re-emphasized that conflicting opinions on the
carbon dioxide question could prove confusing to decision makers and agreed
that, when it appeared timely, an updated assessment of the CO2 issue should
be made and this should again be undertaken jointly by WMO, icsn and CNEP (see
paragraph 15 above). The Committee noted that although possible temperature
changes due to increased CO2 had received the most attention, in fact, other
changes connected with CO2, such as precipitation, cloudiness, and indeed
the whole water balance, may prove to be more important. Furthermore, it was
emphasized that as CO2-induced changes were likely to be highly variable in
space and time, they could be much more significant than suggested by
estimated changes in global mean values alone. The Committee emphasized that
more research in this field was necessary.

23. EC-XXXIV (1982) recalled that at its previous session it had
considered several aspects in relation to the potential influence of
increasing atmospheric carbon dioxide on climate. In that connection the
Committee was informed that the Executive Heads of WMO, ICSU and UNEP had
agreed in November 1981, that there was a need to organize a second joint
scientific evaluation of the role of CO2 on climate variations. It was
stressed that in order to ensure a reliable and accurate scientific
evaluation, a sufficiently broad base of scientific expertise should be
considered.
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24. In accordance with the wishes of EC-XXXIV, an outline of the
objectives and main topics in which WMO Members could collaborate in the
implementation of the WMO C0 2 Project have been identified and the CAS Group
of Rapporteurs on C0 2 is preparing contributions for the second assessmer.":.
WMO has also agreed to support the International Meteorological Institute in
Stockholm, in contributing to a scientific evaluation on the rate of release
of CO2 into the atmosphere as a function of future energy developments,
which will also reflect the conclusions of a scientific evaluation of the
following three problem areas:

The carbon cycle and future concentrations of atmospheric C0 2;

- The climate response to increased atmospheric CO2
concentrations; and

The impact of climate change on the terrestrial ecosystem.

The above contribution should take close account of the results of the
concurrent socio-economic impact studies sponsored by UNEP. The final report,
expected by the end of 1984, will form prt of the basic documentation for the
joint WMO/UNEP/ICSU meeting to be called to work out a second assessment,
sometime in early 1985.

Potential £limatic_effects_pf_ 03_and_o«ie_r_miji£r_tr_a£e_ga^ses_

25. The further clarification of the radiative role of trace gases appears
especially important in connection with the detection of first signals of
climate change, and in establishing the possibility of isolating the CX»2
induced changes. The possible impact of future concentration changes in O3
and other trace gases was the subject of a WMO/IAMAP expert meeting at NCAR,
Boulder, 13-17 September 1982 (chaired by Dr. V. Ramanathan). Although in
today's atmosphere? H2O, OO2 and O3 are the dominant greenhouse gases,
others such as N2O, CH 4, N0 x and CFMs contribute significant warming to
the earth's radiative equilibrium temperature. Several of these latter have
strong absorption bands in the 7-13 urn infrared window and large increases in
their concentration could yield surface warming comparable to that projected
for Q02. Details on these complex processes appear in KMO Ozone Project
Report No. 14.

Dete£tipri £f_f,irst_signals_oj[ £~iniat£ dhangja

26. In the WMO Carbon Dioxide Project, EC, CAS and JSC gave priority to
detecting first signals of a possible (X>2-induced surface warming. On the
basis of background papers prepared by Dr. W.W. Kellogg and
Dr. Mike MacCracken, a joint JSC/CAS group of experts {chaired by Prof. E.
Holopainen) met in Moscow from 3-6 October 1982. The meeting noted that the
temperature record for the last 100 years showed a general warming trend; the
mean global temperature being about 0.5*C higher now than in the 1880's.
During the same period, atmospheric CO2 increased by about 25%; the
corresponding theoretical increase in global mean temperature due to the CO2
alone was calculated to be 0.4 to 0.6*C.
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27. The meting considered the prcblem of determining the s t a t i s t i c a l
probability ot detecting the CX>2~induced climate change in terms of a
signal-to-noise rat io . It concluded from the s t a t i s t i c a l arguments that one
could accept the observed warning as a 002-induced warming with a high
dogree of confidence. However, there were reservations. The temperature
diagnosis has been based on the available data from land stations and a
handful of weather ships but there i s a lack of knowledge about the
representativeness of these observations and on the behavior of the climate
system. The meeting recommended a three-pronged research strategy to improve:
climate motfsl development and diagnostic studies-, the existing climate data
base) and 002-induced climate change monitoring. The report of the meeting
i s available from the WMO Secretariat as WCP Report No. 29.

28. Finally, I should l ike to conclude that, based on increasing
experience, Lj organizing most of the described HMO a c t i v i t i e s from their very
beginings, after hearing many excellent presentations and after participating
in the discussion and review of the DOE sponsored C02 Research Programme,
one i s more and more convinced that potentially serious e f fects on climate
could resul t . These are suff ic ient ly great to require continuous nacional and
international committments to a programme of research to illuminate the <X>2
issue , in order t o reduce existing uncertainties in a minimum of time to pave
the way for sound policy decisions.

* * * * * * * * * * * *
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ANNEX

CHRONOLOGICAL SEQUENCE OF SOME RECENT WMO
ACTIVITY RELEVANT TO CARBON DIOXIDE

Year

1975

1976

1977

1978

Event

Congress VII

VIMO(CAS) Workshop on
CO2, Washington, D.C.

EC-XXIX

IIASA/WMO Workshop on
CO2, Climate and Society,
Baden near Vienna

EC-XXX

WMO(CAS) Meeting of
Experts on Research
Aspects of Atmospheric
C02, Boulder

1979 WMO World Climate
Conference, Geneva

Congress VIII

Remarks

Climate research (inc. CO2)
established as one of the six
priority research fields of WMO,

Reviewed latest information and
report was the basis for a WHO
CO2 Project.

Approved WMO Project on Research
and Monitoring of Atmospheric
Carbon Dioxide»

Proceedings are published.

Stated that CO2 is the single
most important factor likely to
gave an impact on climate.

Stated that there was a need for
international awareness and co-
operation on the problem.
Identified the need for a few
additional rigorously maintained
CO2 measuring stations. Initiated
action to prepare a statement on
CO2. A further informal meeting
held in Geneva completed the
statement foi: submission to che
next session of the Executive
Committee.

Findings included the need for
extra emphasis to be placed on
CO2 issue.

Established the WMO World Climate
Programme. Called for: inter-
discllpinary action in collabor-
ation with UNEP and ICSU; and for
high priority to be given to the
WMO C02 Project within the WCRP.
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Meeting of Experts on the
Use of Carbon Isotopes in
Atmospheric C0£ Research,
Geneva

Remarks

Approved CAS prepared statement
on CO2 for use as information
material by HMO Members.

Published as C0£ Project Report
No. 1.

Ad hoc Expert Meeting on
Climatic Effects of
Increased CO2, Boulder

Session of the CAS Working
Group on Atmospheric CO2,
Boulder

Published in CO2 Project Report
No. 2.

Published in CO2 Project Report
No. 2.

1980

Atmospheric CO2 Concentration
Measurements: A Review of
Methodologies, Existing
Programmes and Available
Data

EC-XXXIT

Joint WMO/UNEP/ICSU
Meeting of Experts on
Assessment of the Role of
CO2 In Climatic Variations,
Villach, Austria

Published as CO2 Project Report
No. 3.

Called for more CO2 measuring
stations; additional analyses of
annual variability; increased
emphasis on detection of first
signals; studies on the response
of the cryosphere to possible
surface warming and efforts to
predict regional climate changes.
Also called for a joint WMO/UNEP/
ICSU assessment of the CO2 issue.

Assessment distributed in early
1981, and report published as
WCP Report No. 3.
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1982

Event

WMO/UNEP/ICSU Meeting of
Experts on Instruments,
Standardization and
Measurement Techniques
for Atmospheric CO2,
Geneva

WMO/UNEP/ICSU Scientific
Conference on Analysis and
Interpretation of Atmospheric
CO2 Data, Bern

"An Assessment of BAPMoN
Data Currently Available
on the Concentration of
CO2 in the Atmosphere"

EC-XXXIV

WMO(CAS)/IAMAP Meeting of
Experts on Potential
Climatic Effects of Ozone
and Other Minor Trace
Gases

WMO(CAS)/JSC Meeting of
Experts on Detection of
Possible Climate Change,
Moscow

Remarks

Report published as WMO Environ-
mental Pollution Monitoring
Programme Report No. 5.

Expanded summaries published
as WCP Report No. 14.

Published as HMO Environmental
Pollution Monitoring Programme
Report No. 9.

Called for organizing a second
WMO/UNEP/ICSU scientific
evaluation on the role of CO2
which should include: rates of
release of CO2, future
concentrations and climatic
response.

Published as WMO Global Ozone
Research and Monitoring Project
Report No. 14.

Published as WCP Report No. 29.
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C02 RESEARCH CONFERENCE: CARBON DIOXIDE, SCIENCE, AND CONSENSUS

September 19-23, 1982
CooItont Conference Center

Berkeley Springs, West Virginia

AGENDA

SUNDAY, SEPTEMBER 19

Afternoon - Arrival and Registration
6:00 p.m. - Dinner

8:00 p.m. - Reception in the Capen Room

MONDAY, SEPTEMBER 20

8:30 - 8:45 - Introductory Remarks

Alvin W. Trivelpiece, Director
Office of Energy Research
U.S. Department of Energy

Plenary Session //I - Science and Decision-Making: The Issue of Consensus

A discussion of the problems, constraints and requirements of the science
communities as they address the CO2 issue and the product of CO2 research.

Chairman: Frederick A. Koomanoff, Director
Carbon Dioxide Research Division
Office of Energy Research
U.S. Department of Energy

8:45-9:45 - Speaker: James C. Greene, Science Consultant
Subcommittee on Natural Resources,
Agriculture Research & Environment
U.S. Congress

- Speaker: Tom Pestorious, Senior Policy Analyst
Energy & Natural Resources
Office of Science & Technology Policy
Executive Office of the President

9:45 - 10:00 - Comments: Mancur Olson
University of Maryland

10:00 - 10:20 - General Discussion

Break
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MONDAY - continued

Plenary Session #2 - The Carbon Cycle

Chairman: Roger C. Dahlman
Carbon Dioxide Research Division
U.S. Department of Energy

10:30 - 11:15 - Speaker: Charles D. Keeling
Scripps Institution of Oceanography

"The Global Carbon Cycle: What We Know and Could Know
From Atmosphere, Biosphere and Ocean Observations"

The current understanding of the global carbon cycle
and the quantitative relationships between different
sets of empirical observations of the atmosphere,
oceans, and biosphere will be discussed.

11:15 - 11:45 - Respondents: William R. Emanuel
Oak Ridge National Laboratory

Taro Takahashi
Lamont-Doherty Geological Observatory

Sandra Brown
University of Illinois

11:45 - 12:15 - General Discussion

Lunch

1:30-4:30 - Informal Discussions

Technical Session #1 - Transient Tracers in Oceans

Chairman: Roger C. Dahlman

4:30-5:15 - Speaker: Peter G. Brewer
National Science Foundation

"Ocean Carbon Dioxide: Transient Tracer Data"

Carbon dioxide measurement and chemistry of the North
Atlantic Transient Tracer Program will be discussed.
Results will be compared with other transient tracer
and carbon data, and ocean uptake of fossil carbon
dioxide will be estimated.

5:15-6:00 - General Discussion

Dinner
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MONDAY - continued

Round Table #1 - Science, CO? and Consensus

A discussion relating to the needs of the policymakers from the vantage
point of the science community.

Moderator: Roger R. Revelle
University of California at San Diego

8:00-9:30 - Panel Members: Alvin M. Weinberg
Institute for Energy Analysis

William A. Nierenberg
Scripps Institution of Oceanography

William W. Kellogg
National Center for Atmospheric Research

TUESDAY, SEPTEMBER 21

Plenary Session #3 - CO; Research Planning

A discussion of DOE's research plans, State of the Art 1984 Reports,
and the 1985 State of Findings Report.

Chairman: Frederick A. Koomanoff

8:30-8:50 - Speaker: Frederick A. Koomanoff
Carbon Dioxide Research Division
U.S. Department of Energy

"Overview of CO2 Research Program Plan"

8:50-9:20 - Speaker: Roger C. Dahlman
Carbon Dioxide Research Division
U.S. Department of Energy

"Carbon Cycle Research Plan and Vegetation Effects
Research Plan"

9:20-9:40 - Speaker: Michael R. Riches
Carbon Dioxide Research Division
U.S. Department of Energy

"CO2 and Climate Research Plan and First
Detection Research Plan"

9:40-9:50 - Speaker: Thomas J. Gross
Carbon Dioxide Research Division
U.S. Department of Energy

"Carbon Dioxide Information Center"

9:50-10:15 - General Discussion

Break
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TUESDAY - continued

Plenary Session #4 - Climate Modeling

Chairman: Michael R. Riches

10:30 - 11:15 - Speaker: Michael E. Schlesinger
Oregon State University

"Simulating CO2-Induced Climatic Change with
Mathematical Climate Models: Capabilities,
Limitations and Prospects"

The design of general circulation climate models
will be presented in terms of the fundamental
physical laws and boundary conditions and numerical
solution methods and treatments. Methods of model
testing and the "state of the art" will be discussed
and the simulations of the climate changes induced
by increased levels of CO2 will be reviewed.

11:15 - 11:45 - Discussion Panel

J. F. B. Mitchell, Moderator
U.K. Meteorological Office

Syukuro Manabe
National Oceanic & Atmospheric Administration

Warren Washington
National Center for Atmospheric Research

James Hansen

Goddard Institute for Space Studies

11:45 - 12:15 - General Discussion

Lunch

1:30-4:30 - Informal Discussions

Technical Session #2 - Radiative Model Comparisons

Chairman: Michael R. Riches

4:30-5:15 - Speaker: Frederick M. Luther
Lawrence Livermore National Laboratory

"Radiative Effects of a CO2 Increase: Results
of a Model Comparison"

A comparison of infrared radiation models will
be presented. This will identify and resolve
differences in the radiative fluxes calculated
by various detailed radiation models and
between these models and the more simplified
calculations performed in climate models.
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TUESDAY - continued

5:15-6:00 - General Discussion

Dinner

Round Table #2 - The National Academy of Sciences CO? Assessment Project

A status report of the NAS/NRC CO2 assessment for the Office of Science
and Technology Policy.

8:00-9:00 - Speaker: William A. Nierenberg, Director

Scripps Institution of Oceanography

WEDNESDAY, SEPTEMBER 22

Plenary Session #5 - International CO? Research

Chairman: Donald R. King, Acting Deputy Assistant Secretary for
Environment, Health and Natural Sciences,
U.S. Department of State.

8:00-10:00 - Speaker: Roberto Fantechi

Commission of the European Comnunities

"The CO2 Research Program of CEC"

- Speaker: Rumen D. Bojkov
World Meteorological Organization

"The CO2 Program of WMO"

10:00 - 10:15 - General Discussion

Break

Plenary Session #6 - The West Antarctic Ice Sheet

Chairman: Thomas J. Gross

10:30-11:15 - Speaker: Charles R. Bentley
University of Wisconsin

"The West Antarctic Ice Sheet: Diagnosis and Prognosis*

The mass balance and dynamic stability of the West
Antarctic ice sheet, the threat from possible
instability, and future prospects will be discussed.
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WEDNESDAY - continued

11:15-11:45 - Respondents: John T. Hollin
University of Colorado

Terence J. Hughes
University of Maine

Arnold L. Gordon

Lamont-Doherty Geological Observatory

11:45-12:15 - General Discussion

Lunch

1:30-4:30 - Informal Discussions

Technical Session #3 - First Detection of Climate Change

Chairman: Michael R. Riches

4:30-5:15 - Speaker: Michael C. MacCracken
Lawrence Livemore National Laboratory

"Have We Detected O^-Induced Climate Change? -
Problems and Prospects"
Several recent studies have contended that the 25%
increase of atmospheric CO2 concentration since the
last century has already led to identifiable climatic
effects. This paper will compare and critique these
studies.

5:15-6:00 - General Discussion

Dinner

Round Table #3 - CO2 and Plant Productivity

A discussion of the research recommendations from the International Conference
on Rising CO2 and Plant Productivity, Athens, Georgia, May 23-28, 1982.

Moderator: Roger C. Dahlman

8:00-9:30 - Panel Members: David M. Gates
University of Michigan

Sylvan Wittwer
Michigan State University

Boyd R. Strain
Duke University
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THURSDAY, SEPTEMBER 23

8:30-9:00 - Speaker: Frederick A. Koomanoff

"Introduction to the State of the Art Concept and Its
Relationship to the Statement of Findings

9:00 - 4:30 - Individual Workshops - CO? Research State of the Art (SOA)

o Carbon Cycle - Roger C. Dahlman
(Capen Room I) Carbon Dioxide Research Division

and
David E. Reichle
Oak Ridga National Laboratories

o Climate Modeling
and First Detection - Michael R. Riches
(Capen Room II) Carbon Dioxide Research Divison

and
Frederick M. Luther
Michael C. MacCracken
Lawrence Livermore National Laboratory

o Vegetation Effects - Roger C. Dahlman
(Lake Terrace Room) and

Jerry C. Ritchie

National Program Staff, ARS, USDA

4:30 - 6:00 - All Workshop Participants (Capen Room)

Chairman: Frederick A. Koomanoff

Speakers: Reports from the Chairmen - Carbon Dioxide
Research SOAs

Dinner and Reception

* * * *
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C02 RESEARCH CONFERENCE: CARBON DIOXIDE, SCIENCE, AND CONSENSUS
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